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ABSTRACT 
Solid oxide fuel cells (SOFCs) have gained renewed interest due to their high 
energy-conversion efficiency, new discovery of fossil fuel sources, and low greenhouse 
gas emission. However, performance degradation during long-term operation is one of the 
greatest challenges to overcome for commercialization of SOFCs. At intermediate 
temperatures, chromium (Cr) vapor species that form over chromia-forming alloy 
interconnect, can transport and deposit in the cathode, and poison the cathode performance. 
Although extensive studies have been conducted on the Cr-poisoning phenomena, the 
mechanism of cathode performance degradation still needs to be clarified. Therefore, there 
is an urgent need to understand the degradation mechanisms and develop corresponding 
mitigation strategies.  
In this research, anode-supported cells with (La,Sr)MnO3-based cathode were 
fabricated. The cells were electrochemically tested with and without the presence of 
chromia-forming alloy interconnect, and operating conditions including cathode 
atmosphere, current condition, and interconnect contact were varied independently. It was 
found that both humidity and cathodic current promote chromium poisoning. 
  vii 
Microstructural characterizations also confirmed that larger amounts of chromium-
containing deposits are present at the cathode/electrolyte interfaces of the cell tested with 
cathodic current and/or humidity. 
With the help of free energy minimization calculations, the equilibrium cell 
potentials for Cr vapor species reductions are estimated and found to be very close to the 
open-circuit potential of the cell. Combining the experimental and computational results, 
the roles of humidity and cathodic current in Cr-poisoning are evaluated, and a mechanism 
associated to Cr vapor species dissociation at the triple-phase-boundaries is proposed. 
To evaluate the Cr-poisoning effects on cell performance, an analytical polarization 
model is used for quantitatively separating the contribution of various cell polarizations. 
By curve-fitting the current-voltage traces to this model, the changes of cathode 
polarizations due to Cr-poisoning are quantified. Under normal operating conditions, the 
cathodic activation polarization is determined to be most negatively impacted by Cr-
poisoning. 
Mitigation of the Cr-poisoning effects using a dense lab-developed CuMn1.8O4 
spinel interconnect coating was demonstrated. Employing the spinel coated interconnect 
mesh in on-cell tests, it was found that both the degradation in cell performance and Cr 
deposition in the cathode are significantly mitigated. 
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1. Introduction 
 
1.1. Solid oxide fuel cells (SOFCs) 
 Fuel cells are electrochemical devices that convert chemical energy into electrical 
energy directly, providing alternative power generation with high efficiency and low 
environmental impact [1–3]. The energy conversion of fuel cells is not limited by Carnot 
efficiency, and thus fuel cells can reach over 60% electrical efficiency and exceed 90% 
overall efficiency with cogeneration of heat and power [4, 5].  
 Among various fuel cells technologies, solid oxide fuel cells (SOFCs) offer several 
unique advantages. Solid oxide fuel cells are based on solid-state energy conversion, 
meaning there are no moving electrode and electrolyte, thus reducing both noise and the 
chance of mechanical failure. The operating temperature of SOFCs is the highest (between 
600 – 1000 °C) among all fuel cell systems, which provides the high energy-conversion 
efficiency and enables the use of a variety of hydrocarbon-based fuels (such as natural gas) 
[6–10]. 
 A single cell of SOFC consists of a porous cathode for oxygen incorporation, a 
porous anode for fuel oxidation, and a dense ion-conducting electrolyte which separates 
these two electrodes. During the operation of SOFCs, fuel (e.g. hydrogen) is fed to the 
anode, where it is oxidized and electrons are released to the external circuit. Oxidant (e.g. 
air) is fed to the cathode, where it is reduced and electrons are accepted from the external 
circuit. The electrons produced at the anode flow to the cathode through a load in the 
external circuit. The oxygen ions, which are reduced from oxygen molecules at the 
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cathode/electrolyte interface, transport through electrolyte towards the anode where they 
oxidize the fuel. Figure 1 shows the operating principle of SOFCs. 
 
Figure 1. Schematic diagram of the operation principles of SOFCs [11]. 
 
 Practical SOFCs are not operated as single unit, but they are connected in series 
and parallel by interconnects to produce sufficient power output and operated as stacks 
[12–14]. Figure 2 shows the SOFC components in a stack. 
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Figure 2. SOFC components in a stack [11]. 
 
Figure 3. Modularity of SOFC: Two cell array to short stack to module buildup [11]. 
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 SOFCs exhibit following advantages over other energy conversion systems:  
a. High Efficiency: Compared with combustion-type conversion system, SOFCs are 
not Carnot-limited and can yield higher efficiency since they directly convert the 
available free energy in the fuel to electrical energy at the operating temperature 
[15]. In addition, SOFCs produce high quality by-product heat suitable for 
cogeneration or for use in a bottoming cycle, which can further increase the overall 
efficiency of energy conversion [16–18]. 
b. Fuel Flexibility: Due to the high operating temperature of SOFCs, hydrocarbon 
fuels can be reformed internally within the cell. A variety of hydrocarbon-based 
fuels (such as natural gas) are compatible for use in SOFCs [19, 20]. 
c. Low Emissions: SOFCs are environmental-friendly since they have lower 
emission of greenhouse gases. 
d. Modularity: The size of SOFC modules are flexible. Depending on the power 
output requirement, the size of SOFC stack can be easily increased and decreased. 
Figure 3 shows the modularity of SOFC stacks. 
 Due to the relatively high operating temperatures of SOFCs (600 – 1000 °C), 
electrochemical reactions and ionic transport are rapid [21, 22]. However, high operating 
temperature and fabricating temperature also brings several challenges to overcome:  
a. The cost of producing the state-of-the-art SOFC stacks is significantly higher than 
their counterparts (such as gas-turbine (GT)) due to the complex manufacturing 
process. 
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b. At high temperature, the compatibility and stability of SOFC components including 
cells, interconnects and seals can be a problem [23].  
c. During long-term operation of SOFC stacks, steady state performance degradation 
occurs due to materials deterioration, gas contamination, and changes in operating 
conditions [24–27]. 
 
1.2. SOFC materials 
Electrolyte 
The main function of SOFC electrolyte is to transport ions between the cathode and 
the anode, and to prevent the electrode gases (fuel and oxidant) from mixing. An ideal 
SOFC electrolyte should possess the following fundamental characteristics: 
a. At operating temperature, the chemical structure of the electrolyte must be stable 
under both reducing and oxidizing environments, and the electrolyte also needs to 
be impermeable to the reacting gases. 
b. The SOFC electrolyte should be chemically and thermally compatible with the 
cathode and anode materials, from room temperature to fabrication temperature. 
c. The electrolyte should be mechanically rugged to prevent cell failure during long-
term operation. 
d. The ionic conductivity of the electrolyte materials should be sufficiently high to 
guarantee minimum ohmic loss from the electrolyte. The electronic conductivity of 
  
6 
the electrolyte should be negligible to prevent internal shorting during SOFC 
operation. 
At present, yttria-stabilized zirconia (YSZ) is the most commonly used SOFC 
electrolyte materials. Pure zirconia undergoes a phase transformation from monoclinic (at 
room temperature) to tetragonal (above 1170 °C) and then to cubic fluorite structure (above 
2370 °C). The monoclinic-tetragonal conversion is accompanied with a volume contraction 
of approximately 5%, resulting in large stress which can cause mechanical failure. By 
substituting some of the Zr4+ ions with lower-valent cations (such as Y3+), the cubic 
structure can be stabilized down to room temperature. In YSZ, the doping of yttria into 
zirconia creates oxygen vacancies to preserve electroneutrality condition according to the 
following equation (with Kröger-Vink notation): 
Y2O3
ZrO2
→  2YZr
′ + VO
∙∙ + 3OO
X                                       (1.1) 
The high oxygen vacancy concentration gives rise to high oxygen ion conductivity 
in the YSZ electrolyte. The ionic conductivity of YSZ depends on dopant concentration, 
and was found to be maximum at 8–10 mol% of Y2O3 [28, 29].  
Alternative SOFC electrolyte materials have been studied and proposed, especially 
for intermediate temperature operation. Doped ceria (CeO2), such as gadolinia-doped ceria 
(GDC) and samaria-doped ceria (SDC), with fluorite structure and oxygen vacancies 
resulting from the replacement of Ce4+ with trivalent rare-earth ions have been widely 
developed [15, 30, 31]. The conductivities of these materials are found to be remarkably 
higher than that of YSZ, especially and lower temperatures. However, in reducing 
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atmosphere, CeO2 cannot remain chemically stable and gets partially reduced developing 
n-type conduction, which results in the loss of current efficiency in SOFCs [15, 32–34]. 
 
Anode 
The main function of SOFC anode is to provide reaction sites for the 
electrochemical oxidation of the fuel. An ideal SOFC anode should possess the following 
fundamental characteristics: 
a. At operating conditions, the anode must be stable in the reducing atmosphere, and 
have sufficient electronic conductivity and catalytic activity for the fuel oxidation 
reaction. 
b. The anode should be chemically and thermally compatible with other cell 
components such as the electrolyte and interconnect. 
c. The anode should have sufficient porosity to allow gas transport to the reaction sites, 
but it should also provide sufficient amount of electrode-electrolyte-gas three phase 
boundaries for reactions to occur. 
Currently, nickel is used almost exclusively as the anode materials, due to its 
superior catalytic activity and lower cost compared to other materials such as cobalt and 
platinum. Nickel-electrolyte phase (YSZ, SDC) cermets are the state-of-the-art anode 
materials for SOFCs [15]. The functions of YSZ are to support the nickel particles, inhibit 
nickel coarsening, provide ionic conductivity to enhance electrochemical reaction rate, and 
provide good thermal expansion match with other cell components [14].  
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Cathode 
The main function of the SOFC cathode is to provide reaction sites for the 
electrochemical reduction reaction of the oxidant. An ideal SOFC cathode should possess 
the following fundamental characteristics: 
a. At operating conditions, the cathode materials must be stable in the oxidizing 
atmosphere, and have sufficient electronic conductivity and catalytic activity for 
the oxygen reduction reaction. 
b. The cathode should be chemically and thermally compatible with other cell 
components such as the electrolyte and interconnect at operating and fabricating 
temperatures. 
c. The cathode should have sufficient porosity to allow oxidant transport to the 
reaction sites, but it should also provide sufficient amount of electrode-electrolyte-
gas three phase boundaries for the reactions to occur. 
Doped lanthanum manganite (LaMnO3) is the most widely used cathode material 
due to its high electrical conductivity in oxidizing atmosphere, and good compatibility with 
YSZ electrolyte. LaMnO3 belongs to the class of perovskite oxides with formula of ABO3. 
LaMnO3 has intrinsic p-type conductivity due to the formation of cation vacancies. By 
substituting the A or B sites with a lower valent cation (such as Sr2+), the electrical 
conductivity of LaMnO3 can be further increased [14]. In order to increase the ionic 
conductivity of the cathode, doped LaMnO3 is often mixed with YSZ as composite cathode 
to reduce the activation polarization [35, 36]. 
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At lower operating temperatures, the performance of doped LaMnO3 is 
significantly reduced due to the decreased electrochemical activity for oxygen reduction 
reaction. Thus, other perovskite materials such as (La,Sr)FeO3, (La,Sr)CoO3, 
(La,Sr)(Cr,Fe)O3, La(Ni,Fe)O3 (LNF) have also been developed, due to their desirable 
mixed ionic-electronic conductivity and high electrochemical activities at lower 
temperatures [37–43].  
 
Interconnect 
In SOFC stacks, single cells are connected in series and parallel by interconnects 
to produce sufficient power output. The development of suitable interconnect materials is 
one of the greatest challenges for improved performance of SOFCs. A good interconnect 
material should fulfil the following requirements: 
a. Interconnect material must be chemically stable in both oxidizing and reducing 
environments. 
b. It should have high electronic conductivity and negligible ionic conductivity. 
c. Interconnect material should be chemically and thermally compatible with other 
cell components (cathode and anode). 
d. In SOFC stacks, interconnects serve as a barrier to avoid any direct contact between 
the fuel and the oxidant, and therefore it should possess gas tightness and sufficient 
mechanical strength for long-term operation. 
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Due to the many stringent requirements, only a few materials systems can be used 
as interconnects for SOFCs. In the past, the most commonly used interconnect material 
was doped lanthanum chromite (LaCrO3) [44–48]. However, ceramic interconnects are 
rigid and structurally weak, and therefore not flexible to ensure good contact with SOFC 
electrodes. In addition, ceramic interconnects are expensive. 
In the past ten years, metallic interconnects have been widely developed especially 
for intermediate temperatures operation [49–54]. Compared with ceramic interconnects, 
metallic alloys have higher electronic conductivity, higher thermal conductivity, better 
machinability and lower cost. Chromia-forming alloys are widely developed and studied 
for SOFC interconnect application due to their high thermal compatibility with other SOFC 
materials, high oxidation resistance at high temperature, and the chromium oxide scale that 
forms is conductive.  
 
1.3. SOFC applications 
SOFC systems have modularity and can produce electric power on demand. 
Therefore, they can be used in diverse situations whenever power is needed. SOFC 
technology can be used in the following applications: 
a. Stationary Electric Power: Several hundred kW to MW scale stationary power 
systems have been demonstrated. 100–250 kW combined heat and power (CHP) 
SOFC systems have been built and operated [55]. SOFCs can also be integrated 
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with gas turbines to form highly efficient multi-MW hybrid systems (with up to   
70% systems efficiency) [55]. 
b. Distributed Generation: Distributed generation involves small, modular power 
systems that are sited at or near their point of use [56, 57]. The market of SOFC in 
distributed generation is aimed at customers dependent on reliable energy, such as 
hospital, industrial plants and grocery stores. The typical system is less than 30 MW. 
c. Vehicle Motive Power: Due to the need for clean, efficient cars, trucks and buses 
that operate on alternative fuels (such as hydrogen, methanol, ethanol, and nature 
gas), SOFCs have been developed for the application of vehicle motive power 
system. Recently, SOFC vehicle and auxiliary power unit (APU) for trucks, with 
power of around 5 kW, have been developed and demonstrated [15, 58].  
d. Portable Power:  Because of the modularity of SOFCs, they are also attractive for 
use in small portable power units. Portable SOFC systems, with the size from 5–
100 W, have been wide developed for leisure, industrial and residential applications 
[59–61]. 
 
1.4. Technical barriers and research approaches 
At present, one of the major challenges for the commercialization of SOFC is 
performance degradation during long-term operation [62–67]. Specifically, at SOFC 
operating temperature, chromium vapor species that evaporate over chromia-forming alloy 
interconnect, can transport and deposit within the cathode and thereupon cause degradation 
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of the cathode performance [68–71]. Although extensive studies have been conducted on 
the Cr-poisoning phenomena, the mechanism of cathode performance degradation still 
needs to be clarified. Therefore, there is an urgent need to understand the degradation 
mechanisms and develop corresponding mitigation strategies. 
In this dissertation, based on experimental observations and thermodynamic 
calculations, the degradation mechanism due to Cr-poisoning are investigated. With the 
help of an analytical polarization model, the effect of Cr-poisoning on cathode performance 
degradation is quantitatively estimated. To mitigate the Cr-poisoning effects, a candidate 
CuMn1.8O4 spinel interconnect coating is employed in the on-cell tests and its effectiveness 
on alleviating the cathode performance degradation is evaluated. 
 
1.5. Scope of this dissertation 
The major objective of this dissertation is to investigate the degradation 
mechanisms of chromium poisoning, and suggest strategies for mitigating the effects of 
chromium poisoning. 
This dissertation is divided into 8 chapters, with the first chapter serving as the 
introduction. In Chapter 2, Cr-poisoning phenomena in various cathode materials were 
reviewed, and the electroanalytical methods used for investigating Cr-poisoning effects on 
the cathode electrochemical performance were summarized and compared. In Chapter 3, 
the roles of humidity and cathodic current on Cr poisoning phenomena are investigated, 
based on the experimental observations and free energy minimization calculations. In 
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Chapter 4, an analytical polarization model is presented for analyzing the baseline cell 
performance with LSM-based cathode. This polarization model is also validated by 
electrochemical impedance spectroscopy and out-of-cell diffusivity measurement. In 
Chapter 5, the effect of Cr-poisoning on cathode performance was evaluated using the 
previously-introduced polarization model. The contributions of different cathodic 
polarization losses during Cr-poisoning are quantified. In Chapter 6, mitigation of Cr-
poisoning employing a lab-developed dense CuMn1.8O4 spinel coating is demonstrated. 
Finally, in Chapter 7 and Chapter 8, the conclusions of this dissertation are summarized, 
and future work directions are suggested. 
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2. Literature Review on Chromium Poisoning 
 
2.1. Introduction 
As mentioned in the previous chapter, at high operating temperature, the stability 
and compatibility of SOFCs components can be a problem. Lowering the operating 
temperature from conventional 1000 °C to the intermediate range of 700 – 900 °C can not 
only improve the reliability and stability of SOFCs, but also reduce the materials and 
manufacturing costs. Intermediate temperature solid oxide fuel cells (IT-SOFCs) enable 
the use of metallic alloys in interconnect and balance-of-plant (BoP) materials [68, 69]. 
Compared with ceramic interconnects, metallic alloys have higher electronic conductivity, 
higher thermal conductivity, better machinability and lower cost [69, 72]. Chromia-
forming alloys are widely developed and studied for SOFC interconnect application due to 
their high thermal compatibility with other SOFC materials, high oxidation resistance at 
high temperature, and the chromium oxide scale that forms is conductive [12]. However, 
on the cathode side, chromium (III) oxide in the oxide scale can react with oxygen/moisture 
and form higher valent Cr vapor species such as chromium (VI) oxide and chromium 
oxyhydroxides at intermediate temperature [73, 74]. These Cr vapor species can transport 
and deposit in the cathode and deteriorate the cathode performance. This Cr-poisoning 
phenomenon is one of the major reasons for performance degradation in SOFC stacks. In 
this chapter, Cr-poisoning phenomena observed by researchers in various cathode 
materials are reviewed. The electroanalytical methods used for investigating Cr-poisoning 
effects on the cathode electrochemical performance are summarized and compared.  
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2.2. Chromium poisoning phenomena 
2.2.1. Cr-poisoning in (La,Sr)MnO3 (LSM) based cathode 
Cr-poisoning phenomena in cathodes of solid oxide fuel cells have been studied 
extensively over the last 20 years. Among the various cathode materials, (La,Sr)MnO3 
(LSM) is so far the most-widely used material for studying Cr-poisoning [75, 76]. Earlier 
work by Taniguchi et al. reported that Cr moves to cathode/electrolyte interface by cathodic 
current, and cathode polarization increases with the chromium content at the interface [77]. 
Accumulation of Cr-containing deposits at the cathode/electrolyte interfaces in SOFCs 
with LSM-based cathode was also reported by Matsuzaki and Yasuda [69], Bentzen et al. 
[78], Horiba et al. (Figure 4) [79-81], and Ishibashi et al [81]. Krumpelt et al. found that 
the rate of degradation increased with the increasing applied current, and they observed 
that performance degradation at lower operating temperature is larger (Figure 5) [83]. 
Krumpelt et al., Wang et al., and Röhrens et al. investigated the Cr-containing deposits by 
transmission electron microscopy (TEM) and found them to be Cr2O3 or MnxCr3-xO4 
spinels (Figure 6) [83-85]. Jiang et al. reported that Cr deposition can also be observed 
when the cell was tested under open-circuit condition, although the amount of Cr 
deposition under such condition is much less than that under current condition [86]. 
Kornely et al. suggested that the presence of Cr vapor species deteriorate the cell 
performance under open-circuit condition [76]. 
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Figure 4. SEM micrograph (left) and Cr distribution (right) at LSM/GDC interface [81]. 
 
Figure 5. Cell potentials vs time at different constant applied current at (a) 800 °C, and (b) 
700 °C [83]. 
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Figure 6. TEM image of Cr-poisoned LSM-YSZ composite cathode with Cr-containing 
deposits [83]. 
 
2.2.2. Cr-poisoning in mixed ionic-electronic conductor based cathode 
In addition to the LSM-based cathodes, Cr-poisoning has also been studied on 
mixed ionic-electronic conducting (MIEC) cathode materials, including (La,Sr)(Co,Fe)O3 
(LSCF), (La,Sr)FeO3 (LSF), and La(Ni,Fe)O3 (LNF) [78-81, 87-92], due to their superior 
electrochemical performance at intermediate temperatures. Konysheva et al. [87], Jiang et 
al. [88], and Bentzen et al. [78] compared Cr-poisoning phenomena in LSCF-based cathode 
with that in LSM-based cathode. Unlike Cr deposition observed at the cathode/electrolyte 
interfaces in the case of LSM-based cathode, they found that the SrCrO4 predominantly 
formed on the surface of the LSCF cathode (Figure 7). It was considered to be due to the 
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significantly higher oxygen ion conductivity of LSCF, compared with LSM. Wang et al. 
[89] and Huang et al. [90] reported that surface exchange kinetics of LSCF cathode is 
deteriorated by Cr-poisoning and they suggested that Cr-poisoning in LSCF cathode is 
closely related to the Sr segregation. Horita et al. compared the Cr deposition in pure LSF 
with that in pure LSM cathodes using secondary ion mass spectrometry (SIMS) (see Figure 
8), and they found that Cr deposition is homogeneous in the LSF cathode which is not the 
case for LSM cathode (maxima Cr deposition was observed at the LSM/electrolyte 
interface) [79]. Komatsu et al. compared the Cr poisoning phenomena in pure LNF and in 
pure LSM cathodes [91]. It was found that the performance of pure LNF cathode is more 
stable than that of pure LSM cathode, which was considered to be due to the less reactivity 
of LNF with Cr vapor species. In contrast, Park et al. compared the performance of LNF 
with LSCF and LSM-ScSZ composite cathode, and no difference was found between the 
LSM-ScSZ, LSCF and LNF cathodes with respect to cathode polarization or the chromium 
deposition under relatively large cathode polarization conditions [92].  
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Figure 7. SEM image of the SrCrO4 crystals formed on the surface of the LSCF cathode 
after being tested at 800 °C and 0.07 A/cm2 for 393 h [87]. 
 
Figure 8. SIMS depth profiles in the vicinity of (a) LSM/GDC interface (showing maxima 
Cr deposition at the LSM/electrolyte interface), and (b) LSF/GDC interface (showing 
homogeneous Cr distribution within the LSF cathode [81]. 
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2.3. Electroanalytical methods used for investigating Cr-poisoning effects 
2.3.1. Electrochemical impedance spectroscopy (EIS) 
Among various electroanalytical methods, electrochemical impedance 
spectroscopy (EIS) is one of the most widely used techniques for evaluating the SOFC 
performance. In the electrochemical impedance spectroscopy, the cell is perturbed with an 
alternating signal of small magnitude, and the impedance is measured as a function of 
frequency of the AC source. Impedance spectra are usually represented by a Nyquist plot 
which displays the negative imaginary part vs the real part of the impedance at different 
frequency. In a Nyquist plot, the high-frequency intercept on the real axis corresponds to 
all the ohmic resistances of the cell, interconnect, contact and the lead wires. The low-
frequency intercept on the real axis corresponds to the total resistance including all the 
ohmic and electrode polarization resistances. Therefore, the sum of the polarization 
resistances (due to slow charge-transfer and mass-transfer) of the SOFC electrodes can be 
obtained by subtracting the high-frequency intercept from the low-frequency intercept. 
In order to evaluate the effect of Cr-poisoning on the electrode performance, it is 
important to separate the contributions of various polarization losses and identify the most-
deteriorated electrode performance. Deconvolution of the impedance spectra data into 
equivalent circuit model (ECM) by complex non-linear square fitting is usually performed 
[93, 94]. Matsuzaki and Yasuda studied the Cr-poisoning phenomena of LSM cathode (in 
a half cell) using EIS measurements. They analyzed the impedance spectra in the absence 
and presence of chromia-forming alloy using a Randles-type equivalent circuit, and they 
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found that both charge transfer and surface diffusion resistances increased due to Cr-
poisoning (see Figure 9) [95].  
 
Figure 9. Ohmic, charge-transfer and diffusion resistance of the LSM cathode estimated 
from the impedance spectra by equivalent circuit modeling, (a) in the absence of chromia-
forming alloy, and (b) in the presence of chromia-forming alloy [95]. 
 
Similarly, Jiang et al. used an equivalent circuit to model the impedance spectra of 
LSM cathode in the absence and presence of chromia-forming alloy, as shown in Figure 
10 [96]. They studied the changes in the high frequency impedance arc and the low 
frequency arc, and concluded that the activation energy associated with the low frequency 
arc increased with increasing time in the presence of chromia-forming alloy. 
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Figure 10. Impedance spectra (symbols) measured at 700 °C on the LSM cathode (a) in 
the absence of chromia-forming alloy, and (b) in the presence of chromia-forming alloy. 
(c) Equivalent circuit used for fitting the experimental data [96]. 
 
In addition to the equivalent circuit modeling, Kornely et al. used the distribution 
of relaxation times (DRT) method to separate the impedance spectra into single loss 
contributions, and they discovered that the process, which couples oxygen surface 
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exchange at the triple phase boundaries (TPB’s) and oxygen ion diffusion in the bulk 
cathode, was impacted by Cr-poisoning (see Figure 11) [76].  
 
Figure 11. (a, b) Impedance spectra of anode-supported cells with LSM-based cathode at 
800 °C (a) in the absence and (b) in the presence of chromia-forming alloy at the cathode 
side. (c, d) Distribution of relaxation times corresponding to the impedance data of (a) and 
(b). (c, f) Contribution of various polarization losses associated with different electrode 
processes of cells corresponding to (a) and (b) [76]. 
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Although impedance spectroscopy is a very useful tool to evaluate the overall cell 
performance, it can be difficult to interpret the information from impedance spectra 
(especially of anode-supported cells), since the correlation between the various equivalent 
circuit elements and the physical or chemical parameters are not straightforward [97, 98]. 
Furthermore, researchers have shown that impedance spectra do not always correspond to 
the actual cell performance. Mazusaki et al., Jiang et al. and Wang et al. reported that the 
size of impedance spectra measured under open-circuit condition reduced while the cell 
overpotential increased with time during Cr-poisoning conditions [95, 96, 99]. With the 
uncertainty of equivalent circuit elements and the non-correspondence of impedance 
spectra to the actual cell performance, it is considered that the result from equivalent circuit 
modeling is not sufficient as a standalone technique for evaluating the Cr-poisoning effects 
on the electrode performance. 
 
2.3.2. Galvanostatic current interruption (GCI) 
Galvanostatic current interruption (GCI) separates the electrode processes in the 
time domain and is useful for determining the contribution of the electrode and electrolyte 
processes under different current densities. Therefore, it is also widely used for 
investigating the Cr-poisoning phenomena [91, 96, 100].  
To make the current interruption measurement, electrode polarization potential 
(Eelectrode) is measured immediately before and immediately after the current interruption. 
The potential immediately drops by the amount of jRΩ (so-called IR compensation), where 
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j is current density and RΩ is the ohmic resistance of the electrode. After the immediate 
potential drop, the relaxation behavior of the potential (caused by slow discharge of the 
faradaic capacitor) begins. Eventually, the potential will relax to the open-circuit potential. 
In GCI measurement, the electrode polarization potential (Eelectrode) can be expressed by 
[96]: 
Eelectrode = η + jRΩ                                              (2.1) 
where η is the overpotential of the electrode. 
Jiang et al. used GCI method to study the relaxation behaviors of the cell potential 
with LSM cathode in the presence of chromia-forming alloy. Figure 12 shows the 
polarization relaxation curves of LSM cathodes in the absence and presence of chromia-
forming alloy measured before and after current passage of 200 mA/cm2 at 900 °C for 30 
min [96]. In the absence of chromia-forming alloy, after 30 min of cathodic current 
treatment, the electrode potential became smaller and the potential relaxation became 
much faster than its initial rate. In contrast, after 30 min of current passage in the presence 
of chromia-forming alloy, Eelectrode became larger and potential relaxation became slower. 
The slow potential relaxation in the presence of chromia-forming alloy is considered to 
be due to the slow surface diffusion/adsorption of oxygen on the LSM electrode. 
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Figure 12. Polarization relaxation curves of LSM cathodes (obtained by galvanostatic 
current interruption) (a) in the absence and (b) in the presence of chromia-forming alloy 
measured before and after current passage of 200 mA/cm2 at 900 °C for 30 min [96]. 
 
GCI method allows the measurement of the change of RΩ during an experiment 
without creating errors in compensation, and is therefore very useful for determining the 
electrode overpotential and examining the time behavior of the electrode polarization. 
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However, GCI method has some limitations on evaluating SOFC electrode performance: 
(a) the resolution of GCI method is limited by the time-per-point measurement of the 
potentiostat, (b) in order to capture and examine the potential relaxation behavior, the 
faradaic capacitance of the electrode needs to be large enough, (c) most importantly, it is 
difficult to quantitatively separate the contributions of different electrode processes using 
the GCI data. 
 
2.3.3. Current-voltage (C-V) measurements 
Current-voltage measurements is one of the most widely used technique for 
investigating the performance of the anode-supported cell. In the current-voltage 
measurement of SOFC, a direct current (DC) sweep is applied through the cell from 0 to a 
defined current density, and the corresponding DC potential across the SOFC is measured. 
Compared with electrochemical impedance spectroscopy and galvanostatic current 
interruption, current-voltage measurement can characterize the SOFC performance over a 
larger range of overpotential and current density. In a current-voltage curve, the cell 
performance measured by the cell voltage decreases from its theoretical voltage due to 
several types of irreversible losses: activation, ohmic, and concentration polarization. An 
example of current-voltage curve is shown in Figure 13, in which the dominant regions of 
different polarization losses are indicated. 
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Although current-voltage measurement is widely used for SOFC performance 
evaluation, it is interesting that nearly no studies are available which used such technique 
to evaluate the effect of chromium poisoning on cathode performance. In the following 
chapters, current-voltage measurement is used as a primary method to evaluate the effect 
of Cr-poisoning on cell performance. In Chapter 4, a polarization model which enables the 
separation of different cell polarizations will be introduced. In Chapter 5, the current-
voltage curves measured before and after the Cr-poisoning effects are analyzed using the 
polarization model, and the contribution of various cell polarizations are quantitatively 
evaluated. 
 
Figure 13. An example of current-voltage curve, showing different polarization 
(activation, ohmic, and concentration) regions [11]. 
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2.4. Conclusions 
In this chapter, different chromium poisoning phenomena in various cathode 
materials (LSM, LSCF, LSF, and LNF) are reviewed. Depending on the factors such as 
ionic conductivity and reactivity with chromium species, it appeared that the effects of 
chromium poisoning on these cathode materials are different. Electroanalytical methods 
(EIS, GCI, and C-V) used for investigating Cr-poisoning effects on cell performance are 
summarized, and their pros and cons are discussed. 
By summarizing the relevant studies, the author’s attention has been drawn to the 
following points: 
(a) While most studies by other researchers focus on the illustrating the degradation 
phenomena, it is of great interest to investigate the degradation mechanism from 
the thermodynamic point of view, and to comprehensively correlate the observed 
degradation phenomena with the operating conditions (such as humidity and 
current condition). 
(b) Most studies by other researchers use electrochemical impedance spectroscopy 
(EIS) or galvanostatic current interruption (GCI) to evaluate the effect of Cr-
poisoning on the cathode performance. However, limitations of these 
electroanalytical methods are of concern (see Section 2.3.1 and 2.3.2). To the best 
of the author’s knowledge, no studies are available up until now which use current-
voltage measurement to evaluate the effect of chromium poisoning on cathode 
performance. Therefore, it is of great interest to collectively use the above-
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mentioned electroanalytical methods, and to quantitatively evaluate the changes 
and contributions of different cathode polarization losses under Cr-poisoning 
effects. 
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3. Chromium Poisoning in (La,Sr)MnO3 (LSM) Based Cathode: Roles of 
Humidity and Cathodic Current 
 
3.1. Introduction 
As a well-developed cathode material, Sr-doped LaMnO3 (LSM) has been most-
widely used for studying the Cr-poisoning phenomena [75, 76]. Taniguchi et al. reported 
that Cr moves to the cathode/electrolyte interface by cathodic current, and the cathodic 
polarization increases with chromium deposition near the cathode electrolyte interface 
[77]. Konysheva et al. observed that Cr-containing deposits can fill up the pores close to 
the cathode/electrolyte interface and extend into the bulk cathode [101]. Hilpert et al. 
postulated that Cr vapor species can be electrochemically reduced and deposited at the 
triple phase boundaries (TPB’s), which inhibits further oxygen reduction reaction 
occurring at the same TPB’s [102]. Krumpelt et al. suggested a threshold potential of about 
0.9 V for chromium oxyhydroxide reduction [83]. Jiang et al. proposed a nucleation theory 
which is based on chemical reduction of chromium vapor species facilitated by low oxygen 
partial pressures at cathode/electrolyte interface at high current densities [86]. Recently, 
Röhrens et al. proposed a combined chemical and electrochemical explanation for cathode 
performance degradation caused by Cr-poisoning [85].  
Although extensive studies have been conducted, the mechanism of Cr-poisoning 
still needs to be clarified. Up until now, no studies are available which comprehensively 
evaluate the roles of humidity and cathodic current in Cr-poisoning. In this chapter, anode-
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supported SOFCs with LSM/yttria-stabilized zirconia (YSZ) and LSM bilayer cathode 
were fabricated and tested. In order to characterize and compare the performances of each 
cell before and after Cr-poisoning, the Cr vapor species were introduced in between the 
electrochemical measurements. This was done with the help of the experimental setup 
which allowed bringing the chromia-forming alloy (Crofer 22 APU) to the high 
temperature area near the SOFC cathode during the experiment. On identical cells, cathode 
atmosphere and current condition were varied to study the roles of humidity and cathodic 
current on cell performance in the presence and in the absence of Cr vapor species. After 
the electrochemical performance testing, post-mortem analyses of the cells were carried 
out with scanning electron microscopy and energy dispersive X-ray spectroscopy. Based 
on these electrochemical and microstructural observations, the extents of Cr-poisoning 
under various operating conditions are compared. 
To help investigate the roles of humidity and cathodic current in Cr-poisoning, the 
partial pressure of Cr-containing vapor species over chromia-forming alloy interconnect 
and the corresponding equilibrium cell potentials for their dissociation were determined 
using the results of free energy minimization calculations. To verify Cr vaporization 
obtained from thermodynamic database, evaporation rates were measured under different 
cathode atmospheres using thermogravimetric experiments. Based on the experimental and 
computational results, the roles of humidity and cathodic current in chromium poisoning 
are evaluated, and a mechanism associated to chromium vapor species deposition at the 
cathode/electrolyte interface is proposed. 
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3.2. Experimental 
3.2.1. Cell fabrication 
The cells were comprised of 5 layers: anode substrate, anode interlayer, electrolyte, 
cathode active layer and cathode current collector layer. As-sintered cell structures, 
consisting of a Ni/8YSZ (8 mol% Y2O3–92 mol% ZrO2) anode substrate, a Ni/8YSZ anode 
interlayer with a finer microstructure and a dense 8YSZ electrolyte, were commercially 
purchased from Materials and Systems Research Inc. (Salt Lake City, UT, USA). The 
approximate thicknesses of anode substrate, anode interlayer and electrolyte are 750 µm, 
10 µm and 8 µm, respectively. The approximate area of anode (and electrolyte) was 7.3 
cm2. Two layers of cathodes were screen printed over the electrolyte: cathode active layer 
(LSM/8YSZ composite) and cathode current collector (LSM). For the preparation of slurry 
for the cathode active layer, (La0.8Sr0.2)0.95MnO3-δ (Fuel Cell Materials, USA) and 8YSZ 
(Tosoh Corp., Japan) powders were mixed in a 1:1 weight ratio and ball milled for 10 hours 
in alpha-terpineol (Alfa Aesar, USA) with the desired amount of pore former (Carbon 
lampblack, Fisher Scientific, USA) and binder (V6, Heraeus, USA). After screen printing 
the cathode active layer, the structure was sintered at 1200 °C for 2 hours. Slurry for the 
cathode current collector was prepared by ball milling LSM powder with the desired 
amount of pore former (Carbon black, Fisher Scientific, USA) and binder (V6, Heraeus, 
USA) in alpha-terpineol for 24 hours. Zirconia balls with diameter of 10 mm (Tosoh Corp. 
Japan) were used as grinding media for preparing the slurries of cathode layers. Finally, 
after screen printing the cathode current collector layer, the structure was again sintered at 
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1200 °C for 2 hours and the cell fabrication was completed. The approximate cathode area 
was 2 cm2. The schematic of the cell structure is shown in Figure 14. 
 
Figure 14. Schematic of the cell structure. 
 
3.2.2. Cell testing 
Figure 15 shows the schematic of the setup for cell testing. The cell test setup was 
comprised of two alumina tubes, with the cell sandwiched between them. A gold gasket 
(Scientific Instrument Services, Inc., USA) on the cathode side and a mica gasket (Fuel 
Cell Materials, USA) on the anode side were used to seal and prevent direct contact 
between the cell and the ceramic tubes. Glass paste (Fuel Cell Store, USA) was applied 
outside the tubes to ensure the gas tightness. Silver mesh (Fuel Cell Materials) was attached 
on the cathode with sliver ink (Fuel Cell Materials, USA) as cathode current collector, and 
nickel mesh (Alfa Aesar, USA) was attached on the anode with nickel ink (Fuel Cell 
Materials, USA) as anode current collector. Two silver wires (Alfa Aesar, USA) on the 
cathode side and two nickel rods (Alfa Aesar, USA) on the anode side were firmly pressed 
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on the corresponding meshes, to ensure good contact on both sides. On each side, one 
wire/rod was used as a current lead, and the other as a voltage measuring lead. As a 
commonly used metallic interconnect material for studying Cr-poisoning, Crofer 22 APU 
was used as Cr source in this study (see Table 1 for composition). Commercially purchased 
Crofer 22 APU sheet (Fuel Cell Materials, USA) was cut into strips with approximately 48 
cm2 total surface area. To eliminate the change of the Cr vaporization rate due to the growth 
of (Cr,Mn)3O4 top layer [103-105], the Crofer 22 APU strips were preoxidized at 800 °C 
for more than 200 hours. These strips were inserted into an alumina inlet tube prior to the 
experiment (see Figure 15).  
 
Table 1. Composition of Crofer 22 APU. 
Elements Cr Mn Ti La C P S Fe 
wt% 22.8 0.45 0.08 0.06 0.005 <0.03 <0.03 Balance 
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Figure 15. A schematic of cell test setup. 
 
The cells were tested at 800 °C. In order to measure the baseline electrochemical 
performance of the cell with no Cr-poisoning, the Crofer 22 APU strips were not placed in 
the high temperature area at the beginning of the experiment. Dry air (obtained by passing 
compressed air through desiccant) was passed through an inlet tube which contained no 
Crofer 22 APU strips. The flow rate of air was maintained at 1000 cm3/min, providing 
oxidant under flooded condition. Humidified hydrogen with 2% H2O (obtained by passing 
H2 through a water bubbler at room temperature) was circulated over the anode at 300 
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cm3/min, which provided fuel under flooded condition and negligible fuel utilization. After 
the cell equilibrated, current-voltage (C-V) measurements were performed to characterize 
the baseline cell performance without exposure to Cr species. Subsequent to the initial 
baseline electrochemical measurements, the alumina inlet tube that contained Crofer 22 
APU strips were moved towards the cathode, and these strips were positioned right over 
but not touching the cathode. Air was then passed through the inlet tube which contained 
the Crofer 22 APU strips, and the only pathway for Cr species transport was through the 
vapor phase. After the Cr environment was established, the cells were electrochemically 
evaluated. 
Four different test conditions were imposed on four identical cells, as shown in 
Table 2. 
Table 2. Cell test conditions imposed on four identical cells. 
Cell Cathode Atmosphere Current Condition Duration (h) 
Cell 1 Dry air Open-circuit 120 
Cell 2 Dry air Galvanostatic (0.75 A/cm2) 168 
Cell 3 Humidified air (10% H2O) Open-circuit 168 
Cell 4 Humidified air (10% H2O) Galvanostatic (0.75 A/cm2) 72 
 
For Cell 3 and 4, humidified air (10% H2O) was obtained by passing the dry air 
through a water bubbler maintained at 46 °C. In addition, a stainless steel braided hose 
(Swagelok) was heated over 100 °C and used for flowing the humidified air to the test 
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fixture without condensation. 10% water vapor content was selected to accelerate the Cr 
vaporization so that the pronounced effect of humidity on Cr-poisoning can be studied. 
Such high amount of water vapor on the cathode side can occur when leaks are developed 
in the SOFC stacks. 
In order to characterize the cell performance as a function of Cr exposure time, the 
open-circuit or galvanostatic condition was interrupted for making the C-V measurements 
every 24 hours. The behaviors and performances noted on these four cells were also 
verified through identical experiments and found to be consistent. All electrochemical 
measurements were performed with Princeton Applied Research PARSTAT® 2273 
potentiostat, and KEPCO power amplifier. The experiments were terminated once the cell 
performances became stable. 
In addition to Cell 1, 2, 3 and 4, two other cells were tested in the absence of the Cr 
environment as references: (a) Cell 1-REF was tested under dry air and open-circuit 
condition, (b) Cell 4-REF was tested under 10% humidified air and galvanostatic condition 
(0.75 A/cm2).  The testing procedures for Cell 1-REF and Cell 4-REF were kept the same 
as those for Cells 1 and 4, respectively. Thus, the effect of current and humidity with and 
without the Cr environment can be observed and their performances can be compared. 
 
3.2.3. Cell microstructural characterization 
After the electrochemical testing, the cells were fractured. For different 
characterization purposes, the fractured cells were examined using methods as follows: 
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a. To characterize the Cr intensity profile within the cathode on a flat cross section, 
one piece of each fractured cell was impregnated in epoxy. After the epoxy hardened, 
they were polished down to 0.05 μm, sputter-coated with carbon, examined by 
scanning electron microscopy (SEM, Zeiss Supra 55VP, see Figure 16) and energy 
dispersive X-ray spectroscopy (EDX, EDAX) 
b. To observe the cathode/electrolyte interfaces with higher lateral resolution and 
contrast, another piece of each fractured cell (without epoxy mounting) was sputter-
coated and examined by an in-lens detector (instead of conventional secondary-ion 
detector) in SEM. Elemental analysis of Cr-containing deposits near the 
cathode/electrolyte interfaces were performed by EDX.  
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Figure 16. Zeiss Supra 55VP Field Emission Scanning Electron Microscope at Boston 
University. 
 
3.2.4. Thermogravimetric (TG) experiment 
In order to study the Cr vaporization, thermogravimetric (TG) experiments using 
Cr2O3 sources were performed employing a thermogravimetric analyzer (Q600 SDT, TA 
Instruments). A lump of fused Cr2O3 (Alfa Aesar) was cut into a cube (0.40 cm × 0.32 cm 
× 0.39 cm) having approximately 0.82 cm2 of total exposed surface area. With this sample, 
two TG experiments were performed under two purge gas conditions: (a) dry air, and (b) 
2% humidified air (higher water vapor content was not used in TG experiment since it can 
be damaging to the instrument). The gas flow rate was maintained at 100 ml/min. Each TG 
experiment was performed under isothermal condition at 800 °C for 100 hours. 
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3.3. Results and discussion 
3.3.1. Electrochemical performance 
As mentioned in Section 3.2.2, four identical cells were electrochemically tested in 
the presence of the Cr environment, under different cathode atmospheres (dry air or 10% 
humidified air) and current conditions (open-circuit or galvanostatic at 0.75 A/cm2). After 
the initial baseline performance measurement (which was set as 0 h), the Cr environment 
was established and open-circuit/galvanostatic condition was interrupted by current-
voltage (C-V) measurement every 24 hours. Selected C-V characteristics and 
corresponding power density curves are shown in Figure 17.  
Cell 1 (Figure 17a) was tested under open-circuit condition with dry air flowing 
over the cathode. The maximum power density stayed at around 1.02 W/cm2 during the 
test. Overall, no significant degradation of cell performance was observed.  
Cell 2 (Figure 17b) was also tested with dry air flowing over the cathode. Unlike 
Cell 1, a constant cathodic current density of 0.75 A/cm2 was applied to Cell 2 after 
establishing the Cr environment. It was observed that cell performance degraded rapidly in 
the first 24 hours of galvanostatic condition and then the rate of cell performance 
degradation leveled off. During this 168-hour test, the maximum power density of the cell 
decreased from 1.07 W/cm2 to 0.74 W/cm2, by approximately 31%. 
After Cell 3 equilibrated, humidified air with 10% H2O was introduced and passed 
through the Crofer 22 APU strips. The cell was operated under open-circuit conditions for 
168 hours and this condition was interrupted by C-V measurement every 24 hours. Figure 
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17c shows the selected electrochemical test results. In the first 24 hours, a drop of cell 
performance was observed, and the maximum power density decreased by approximately 
22%. Following that, the cell performance became stable and showed slight improvement. 
In total, the maximum power density of Cell 3 decreased from 0.90 W/cm2 to 0.80 W/cm2, 
by approximately 12%.  
Cell 4 (Figure 17d) was also tested with humidified air (10% H2O), but under 
galvanostatic current condition (0.75 A/cm2). The cell performance deteriorated 
dramatically in the first 24 hours. After the initial drop, the cell performance became stable. 
During this experiment, the maximum power density decreased from 1.16 W/cm2 to 0.75 
W/cm2 by approximately 35%.  
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Figure 17. Selected current-voltage measurements and corresponding power density 
curves of (a) Cell 1, (b) Cell 2, (c) Cell 3, (d) Cell 4, (e) Cell 1-REF, and (f) Cell 4-REF. 
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As references, two other cells were tested in the absence of the Cr environment and 
their performances are shown in Figure 17:  
(a) Cell 1-REF (Figure 17e) was tested under dry air and open-circuit condition. The 
cell performance improved during the 120-h test and the maximum power density 
increased from 0.99 W/cm2 to 1.16 W/cm2 (approximately 17% improvement). The 
rate of cell performance improvement was relatively rapid at the beginning and it 
became slower after the first 48 hours. The continuous improvement of the cell 
performance can be ascribed to the cell break-in, which has also been studied by 
other researchers [106-108].  
(b) Cell 4-REF (Figure 17f) was tested under 10% humidified air and 0.75 A/cm2 
constant cathodic current. The cell performance improved during the 120-h test and 
the maximum power density increased from 1.05 to 1.30 W/cm2 (approximately 
23% improvement). Overall, the cell performance continuously improved and no 
detrimental effect of current and humidity was observed. 
In order to compare the impacts of different test conditions on Cr-poisoning, 
maximum power densities of above-mentioned six cells as functions of time were 
normalized to their initial values and plotted in Figure 18. Comparing the performances of 
Cell 1, 2, 3 and 4 with those of two reference cells, it was found that the performance 
degradation can occur in any imposed operating conditions (dry or humidified air, open-
circuit or galvanostatic condition), and the overall rates of performance degradation 
followed: Cell 1 < Cell 3 < Cell 2 < Cell 4. The different extents and behaviors of cell 
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performance degradations under different test conditions are summarized and discussed as 
follows: 
(a) In dry air and under OCV condition, Cell 1 performance appeared to be relatively 
stable. However, compared with the continuous performance improvement of Cell 
1-REF, the stable performance of Cell 1 was likely due to the opposing effects of 
Cr-poisoning (performance degradation) and the cell break-in (performance 
improvement). 
(b) In dry air and under galvanostatic condition, Cell 2 performance degraded rapidly 
at the beginning of the cell test and then the rate of degradation became slower. 
Comparing the performance of Cell 2 with Cell 1, it was found that degradation is 
more prominent under galvanostatic condition than under OCV condition, 
suggesting an electrochemically-dominant degradation mechanism. The effect of 
constant cathodic current on Cr-poisoning will be discussed further in Section 3.3.3. 
(c) In humidified air and under OCV condition, Cell 3 performance degraded rapidly in 
the first 24 h and then it showed slight improvement. As will be discussed in 
Sections 3.3.3, the Cr vaporization in 10% humidified air is significantly higher than 
that in dry air. The degradation at the beginning suggests a chemical pathway of Cr-
poisoning. The chemical interaction between the Cr vapor species and the LSM 
cathode was fast and dominated the degradation over the first 24 hours. After the 
first 24 h (or less than 24 h), the cell break-in rate was faster than the degradation 
rate, showing an improvement in the cell performance. 
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(d) The performance degradation rate of Cell 4 was the fastest in the first 24 h, in 
comparison with those under other test conditions. Due to the presence of high 
concentration of Cr vapor species and constant cathodic current density, Cr 
poisoning could occur via both chemical and electrochemical pathways. Similar to 
Cell 2, the performance of Cell 4 appeared to attain a steady state (the steady state 
of degradation was reached much faster in Cell 4 than in Cell 2). 
 
Figure 18. Maximum power densities of Cell 1, 2, 3, 4, 1-REF and 4-REF as functions of 
time normalized to their initial values. 
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3.3.2. Microstructures 
Figure 19 shows the cross-sectional SEM micrograph of a baseline Cr-free cell 
(Cell 1-REF). As mentioned in Section 3.2.1, two cathode layers were screen printed on 
the top of YSZ electrolyte: cathode active layer, and cathode current collector layer. The 
approximate thicknesses of cathode active layer and cathode current collector layer were 
measured to be 30 µm and 50 µm, respectively. The porosities of these two cathode layers 
were approximately 35% and 50%, respectively (estimated based on multiple 
representative SEM images using ImageJ software). 
 
Figure 19. Cross-sectional SEM micrograph of a baseline Cr-free cell after testing. 
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Figure 20. Cross-sectional SEM micrographs near the cathode/electrolyte interfaces in 
tested cells: (a) Cell 1, (b) Cell 3, (c) Cell 2, and (d) Cell 4. (e-h) SEM images in Cell 2 and 
4 with higher magnifications showing the Cr-containing deposits. (i-l) EDX analyses at the 
locations of Cr-containing deposits corresponding to (e-h). 
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Figure 20a and 20b show the cross-sectional SEM micrographs (obtained using an 
in-lens detector) near the cathode/electrolyte interfaces in Cell 1 and 3, respectively. These 
two cells were both tested under open-circuit condition (Cell 1 in dry air and Cell 3 in 
humidified air), and the cathode/electrolyte interfaces appear relatively clean with no 
apparent Cr-containing deposits. However, in Cell 2 (Figure 20c) and Cell 4 (Figure 20d) 
which were tested under 0.75 A/cm2 galvanostatic condition (Cell 2 in dry air and Cell 4 
in humidified air), major amounts of Cr-containing deposits were observed near the 
cathode/electrolyte interfaces, indicating that the Cr deposition was promoted by the 
constant cathodic current. In the case of Cell 2, a large number of small deposits (having 
size of 50-100 nm) and some isolated larger deposits (having size of around 200 nm) were 
observed mainly at the cathode/electrolyte interface. In the case of Cell 4, larger percolating 
(or connected) Cr-containing deposits having size of 200-400 nm were observed near the 
cathode/electrolyte interface.  
SEM images of the Cr-containing deposits with higher magnifications are shown 
in Figure 20e-h. Energy dispersive X-ray spectroscopy (EDX) was used to examine the 
compositions of these deposits. When examining Cr-containing deposits in the LSM-based 
cathodes, overlaps (a) between CrKα peak and LaLβ2 peak [72, 109], and (b) between 
CrKβ peak and MnKα peak are commonly observed in the spectrum. For quantifying the 
amount of Cr and Mn in the deposits, the intensity of LaLα peak can be used as a reference 
since LaLβ2/LaLα and MnKβ/LaLα are fixed in a Cr-free cathode. Therefore, in this study, 
the relative intensity ratios of the (LaLβ2 + CrKα)/LaLα and MnKβ/LaLα were employed 
as indicators for Cr and Mn concentrations, respectively, in the deposit. A larger value for 
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(LaLβ2 + CrKα)/LaLα or MnKβ/LaLα ratio means a higher concentration of Cr or Mn, 
respectively. For reference, the average values of LaLβ2/LaLα and MnKβ/LaLα intensity 
ratios in an untested Cr-free cell were measured to be ~0.171 and ~0.115, respectively.  
Figure 20i-l show the EDX spectra at the corresponding locations of Cr-containing 
deposits in Cell 2 and Cell 4. The (LaLβ2 + CrKα)/LaLα and MnKβ/LaLα intensity ratios 
from these spectra were calculated and also listed in the figures. It was found that the 
(LaLβ2 + CrKα)/LaLα and MnKβ/LaLα intensity ratios measured at the locations of these 
deposits are all higher than their baseline values. Due to the limited resolution of 
SEM/EDX, it is difficult to determine the exact compositions of the smaller deposits. For 
larger deposits, the EDX analyses show distinctly higher intensities of Cr and Mn, 
indicating that they are Cr,Mn-rich phases (see Figure 20f and Figure 20h). These Cr,Mn-
rich deposits are likely (Cr,Mn)3O4 spinels, which were also observed by many other 
researchers [83-85]. 
In order to quantify and compare the amounts of Cr deposition in the cathodes of 
Cell 1, 2, 3 and 4, EDX analyses were performed at different cathode locations relative to 
the electrolyte: 0.1 μm (at cathode/electrolyte interface); 1 μm and 3 μm (close to 
cathode/electrolyte interface); 9 μm (in the middle of LSM/YSZ cathode active layer); 25 
μm (in LSM/YSZ cathode active layer but close to LSM cathode current collector layer); 
and 50 μm (in LSM cathode current collector layer). At each one of these locations, EDX 
spectrum was collected from a rectangular area (2 μm in the direction of cathode bulk and 
16 μm parallel to the cathode/electrolyte interface) and the average intensity ratio of (LaLα 
+ CrKα)/LaLβ2 was obtained. 
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Figure 21. (LaLβ2+CrKα)/LaLα intensity ratios measured at different cathode thicknesses, 
relative to the electrolytes of Cell 1, 2, 3 and 4. 
 
Figure 21 shows the (LaLβ2+CrKα)/LaLα intensity ratios measured at different 
cathode distances from the cathode/electrolyte interface of the four tested cells (the dash 
line represents the average LaLβ2/LaLα intensity ratio of the baseline Cr-free cell). From 
Figure 21, it can be seen: (a) in Cell 1, which was tested under dry air and open-circuit 
condition, the (LaLβ2+CrKα)/LaLα intensity ratio is close to the baseline value throughout 
the cathode thickness, (b) in Cell 2, which was tested under dry air and galvanostatic 
condition, the (LaLβ2+CrKα)/LaLα intensity ratio is higher than the baseline value near 
the cathode/electrolyte interface, and is close to the baseline value in the bulk cathode, (c) 
similar to Cell 1, the (LaLβ2+CrKα)/LaLα intensity ratio in Cell 3 (tested under 10% 
humidified air and open-circuit condition) did not vary much within the cathode, however, 
the overall amount of Cr deposition in Cell 3 cathode was slightly higher than that in Cell 
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1, and (d) in Cell 4, which was tested under humidified air and galvanostatic condition, the 
variation of the (LaLβ2+CrKα)/LaLα intensity ratio within the cathode was most 
prominent. It showed maximum Cr deposition at the cathode/electrolyte interface and the 
Cr concentration sharply decreased with distance away from the interface. However, even 
in the bulk LSM cathode current collector layer of Cell 4, distinctly higher Cr intensity was 
found. 
To summarize, the amount of Cr-containing deposits at cathode/electrolyte 
interfaces followed the same trend as that of the rate of degradation: Cell 1 < Cell 3 < Cell 
2 < Cell 4. When a constant cathodic current was applied to the cell, the amount of Cr-
containing deposits ((LaLβ2+CrKα)/LaLα intensity ratio) shows a concentration gradient 
within the cathode and major amounts of Cr,Mn-rich phases (likely (Cr,Mn)3O4 spinels) 
were observed near the cathode/electrolyte interface. When the cell was tested under open-
circuit condition, Cr concentration within the cathode was not observed. Compared with 
the cells tested in dry air, larger amount of Cr intensity can be found in the bulk cathode 
when cell was tested with humidified air, regardless of current condition. 
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3.3.3. Free energy minimization 
3.3.3.1. Investigation of Cr vaporization 
To understand the effect of humidity on Cr-poisoning, the HSC Chemistry® Gibbs 
free energy minimization program was used to investigate Cr vaporization. In this study, 
preoxidized Crofer 22 APU was used in the cell tests as source of Cr vapor species. On the 
surface of Crofer 22 APU, a (Cr,Mn)3O4 top layer forms over the Cr2O3 layer due to the 
outwards diffusion of Mn. According to Stanislowski et al. [103], this (Cr,Mn)3O4 top layer 
on the surface of Crofer 22 APU will reduce the rate of Cr vaporization by a factor of 2-3 
in comparison with pure chromia-forming alloy. Since no thermodynamic data of 
(Cr,Mn)3O4 can be found in the HSC Chemistry® computer program, Cr2O3 was used as 
the Cr source in the following calculation and it was assumed that the air was in equilibrium 
with the Cr-containing vapor species over the Cr2O3. According to Hilpert et al. [102], the 
Cr2O3 scale can react with oxygen and produce volatile species such as CrO3, CrO2, and 
CrO. When H2O(g) is present in the air, a large number of gaseous hydroxide and 
oxyhydroxide species may also form. The Cr-containing vapor species considered in the 
calculations under dry air and 10% humidified air are listed in Table 3. 
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Table 3. Cr-containing vapor species considered in the thermodynamic calculations. 
Dry Air Cr CrO CrO2 CrO3   
10% 
Humidified 
Air 
Cr CrO CrO2 CrO3   
CrOH Cr(OH)2 Cr(OH)3 Cr(OH)4   
CrO(OH) CrO(OH)2 CrO(OH)3 CrO(OH)4 CrO2(OH) CrO2(OH)2 
 
In the calculation, dry air (pO2 = 0.21 atm) and 10% humidified air (pO2 = 0.189 
atm, pH2O = 0.1 atm) were used to simulate the experimental cathode atmospheres, and 
the temperature range of 700 – 900 °C was selected. The thermodynamic data of the Cr-
containing species are from the Landolt-Börnstein database [110] and IVTANTHERMO 
database [111]. Figure 22a shows the equilibrium partial pressures of Cr-containing species 
over Cr2O3 in dry air, and Figure 22b shows those in humidified air (10% H2O). In dry air, 
CrO3 is the most abundant Cr-containing vapor species, and its saturated partial pressure 
at 800 °C is estimated to be 2.97 × 10-11 atm. In humidified air (10% H2O), CrO2(OH)2, 
CrO2(OH) and CrO3 are the dominant Cr-containing vapor species, and their equilibrium 
partial pressures at 800 °C are estimated to be 6.80 × 10-9 atm, 1.04 × 10-10 atm and 2.75 × 
10-11 atm, respectively. Figure 23 displays a 3D plot showing equilibrium partial pressure 
of CrO2(OH)2 over Cr2O3(s) as functions of temperature (in the range of 700 – 900 °C) and 
humidity at the cathode side (in the range of 0 – 15 mol%). From the thermodynamic 
calculations, it was found that the presence of humidity in air can significantly increase the 
partial pressures of Cr-containing vapor species.  
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Figure 22. Equilibrium partial pressures of Cr-containing vapor species over Cr2O3(s) in 
the temperature range of 700 – 900 °C: (a) in dry air; (b) in humidified air (10% H2O). 
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Figure 23. A 3D plot showing equilibrium partial pressure of CrO2(OH)2 (most abundant 
Cr vapor species) over Cr2O3(s) as functions of temperature (700 – 900 °C) and air 
humidity (0 – 15 mol%). 
 
3.3.3.2. Equilibrium potential for Cr vapor species reduction 
As shown in Section 3.3.1 and 3.3.2, when the cell was tested under open-circuit 
condition, neither significant cathode performance degradation nor major amounts of Cr 
deposits was found. In contrast, constant cathodic current caused increased cathode 
performance degradation and resulted in the deposition of major amounts of Cr-containing 
species at the cathode/electrolyte interface. This observed phenomenon prompted us to 
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investigate and estimate the equilibrium dissociation potentials of the Cr-containing vapor 
species at the TPB’s. 
Here we investigate the equilibrium cell potential for the reduction of Cr-containing 
vapor species from the Gibbs free energy change of the corresponding overall reaction. 
This method was first used by Hilpert et al. [102]. 
The cathodic reaction is normally O2 reduction, i.e. O2(g) + 4e
− = 2O2−. When 
H2(g) is used as the fuel, the anodic reaction is 2H2(g) + 2O
2− = 2H2O(g) + 4e
−. The 
overall cell reaction can thus be written as: 
3
4
O2(g) +
3
2
H2(g) =
3
2
H2O(g, anode)                                                                           (3.1) 
However, higher valent Cr vapor species can also undergo cathodic reduction, and 
oxygen ions can get transported through the electrolyte to the anode. The overall cell 
reactions for reduction of CrO3, CrO2(OH)2 and CrO2(OH) can be expressed as [102]: 
CrO3(g) +
3
2
H2(g) =
1
2
Cr2O3(s) +
3
2
H2O(g, anode)                                                   (3.2) 
CrO2(OH)2(g) +
3
2
H2(g) =
1
2
Cr2O3(s) + H2O(g, cathode) +
3
2
H2O(g, anode)        (3.3) 
CrO2(OH)(g) + H2(g) =
1
2
Cr2O3(s) +
1
2
H2O(g, cathode) + H2O(g, anode)            (3.4) 
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Table 4. Gibbs free energy changes of reactions (3.1), (3.2), (3.3) and (3.4) at 800 °C and 
the corresponding equilibrium cell potentials of reactions (Erxn) in dry air and 10% 
humidified air. 
Cathode atmosphere Reaction 
ΔG°a 
(kJ mol-1) 
RTlnKp b 
(kJ mol-1) 
ΔGc 
(kJ mol-1) 
Erxnd 
(V) 
dry air (3.1) -283.037 -41.642 -324.679 1.122 
dry air (3.2) -488.865 164.187 -324.678 1.122 
10% humidified air (3.1) -283.037 -40.937 -323.974 1.119 
10% humidified air (3.2) -488.865 164.874 -323.991 1.119 
10% humidified air (3.3) -419.139 95.164 -323.975 1.119 
10% humidified air (3.4) -376.054 160.095 -215.959 1.119 
a The standard Gibbs free energy changes (ΔG°) are obtained from HSC Chemistry®. 
b R is the gas constant, T is temperature (1073K), and Kp is the equilibrium constant. 
c The Gibbs free energy changes of reactions (ΔG) are calculated by ΔG = ΔG° + RTlnKp. 
d The equilibrium cell potentials of reactions (Erxn) are calculated by Erxn = - ΔG/nF, where 
n is the number of electrons transferred per mole of reaction, and F is the Faraday constant. 
 
The Gibbs free energy change (ΔG) of reaction (1), (2), (3) and (4) at 800 °C under 
different cathode atmospheres and their corresponding equilibrium cell potentials of 
reactions (Erxn) were calculated (see Table 4). In this calculation, pH2 = 0.98 atm and pH2O
a  
= 0.02 atm were used as the partial pressures of the anode gases. pO2 = 0.21 atm in dry air, 
and pO2 = 0.189 atm and pH2O
c  = 0.1 atm in 10% humidified air were used as the partial 
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pressures of the cathode gases. pCrO3 = 2.97 × 10
-11 atm in dry air, and pCrO2(OH)2 = 6.80 
× 10-9 atm,  pCrO2(OH) = 1.04 × 10
-10 atm and pCrO3 = 2.75 × 10
-11 atm in 10% humidified 
air were obtained from free energy minimization calculations, as discussed in Section 
3.3.3.1.  
Based on the calculations of the free energy changes, the reductions of the Cr-
containing vapor species have equilibrium potentials of 1.122 V in dry air and 1.119 V in 
10% humidified air. These equilibrium cell potentials are very close to the open-circuit 
potential of the cell (reaction 3.1), indicating that the dissociation of Cr vapor species can 
occur once current starts passing through the cell.  
In the above calculations, the Gibbs free energies of the overall reactions for Cr 
vapor species dissociation are obtained based on the formation of Cr2O3 in the cathode. As 
mentioned in Section 3.3.2, Cr,Mn-rich phases (likely (Cr,Mn)3O4 spinel) also formed at 
the cathode/electrolyte interfaces. When considering (Cr,Mn)3O4 spinel formation in the 
thermodynamic calculation, the activity of Cr2O3 in (Cr,Mn)3O4 is less than 1, and so the 
Gibbs free energy of the overall Cr vapor dissociation reactions will be more negative than 
for the formation of pure Cr2O3. Thus the equilibrium cell potentials for the Cr vapor 
species reduction to (Cr,Mn)3O4 is higher than that for Cr2O3 (requires a lower 
overpotential). 
In addition, the equilibrium partial pressure of Cr vapor species may vary 
depending on the type of Fe-Cr alloy [103, 105] and the thermodynamic database used for 
calculations (the Cr vaporization over Cr2O3 calculated from IVTANTHERMO database 
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is relatively lower than that reported by some other researchers [78, 103, 112]). However, 
since 1 order of magnitude difference in the partial pressure of Cr vapor species will only 
change the equilibrium cell potentials of the Cr vapor species reduction by ~71 mV, the 
conclusion that the equilibrium cell potentials for Cr vapor species dissociation are close 
to the OCV of the cell still holds. 
The effect of cathodic current on Cr-poisoning can therefore be explained from the 
aforementioned analysis. With a cathodic current, the corresponding cell potential can 
provide a driving force for the electrochemical reduction of Cr vapor species at TPB’s. 
This results in the precipitation of Cr-containing deposits at the cathode/electrolyte 
interface. Initially, the formation of Cr-containing deposits can cause the rapid degradation 
of cathode performance, since the deposits are formed at the pristine electrochemically 
active sites and thus inhibits the O2 reduction reaction. Once the electrochemical active 
sites at the cathode/electrolyte interfaces are covered by the Cr-containing deposits, the 
additional Cr deposition will either accumulate over the original deposit or extend to the 
TPB’s away from the electrolyte. Therefore, the effect of these additional Cr deposition on 
performance is not as significant as that during the initial stages, and this results in the 
observed stabilization of the cell degradation. 
 
3.3.3.3. Verification of Cr vaporization from thermogravimetric analysis of Cr2O3 
and mass transfer calculations 
In order to verify the Cr vaporization results obtained from free energy 
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minimization, Cr evaporation rates were measured under different cathode atmospheres 
using thermogravimetric (TG) measurements employing Cr2O3 with a well-defined area 
(see Section 3.2.4 for experimental details). Figure 24 shows the weight losses of Cr2O3 
sample as a function of time under dry air and 2% humidified air. Using linear regressions, 
the slopes which represent the rates of Cr2O3 weight loss, are estimated to be 6.82 × 10-11 
g/cm2∙s in dry air and 6.47 × 10-10 g/cm2∙s in 2% humidified air, respectively. Multiplying 
the rates of Cr2O3 weight loss by the molar mass ratio, MCr/MCr2O3, Cr evaporation rates 
are estimated to be 2.33 × 10-11 g/cm2∙s in dry air and 2.21 × 10-10 g/cm2∙s in 2% humidified 
air at 800 °C. It is worth mentioning that the TG equipment cannot be sealed and therefore 
the TG result for dry air could be influenced by the ambient moisture. 
 
Figure 24. Thermogravimetric analysis of Cr2O3 with dry air and 2% humidified air at 800 
°C for 100 hours. 
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Cr evaporation rate can also be estimated by a mass transfer calculation using the 
results from free energy minimization. The cathode atmosphere of 2% humidified air is 
selected for this calculation. In this estimation, the air is assumed to flow over the flat top 
surface of the Cr2O3 cube, and therefore Cr vapor species evaporation can be modeled as 
mass transfer under a laminar flow over a flat plate. The molar flux of Cr vapor species is 
given by: 
J =
km
RT
(p(i) − po)                                                  (3.5) 
where km is the mass transfer coefficient, p
(i) and po are the partial pressures of Cr vapor 
species at the surface and in the bulk, respectively. In this calculation, it is assumed that 
p(i) is equal to the sum of equilibrium partial pressures of Cr vapor species over Cr2O3 in 
2% humidified and po is negligible. The value of km is given by [113]: 
km = 0.664 (
DAB
4
υ
)
1
6
(
w
L
)
1
2
                                            (3.6) 
where DAB is the binary diffusivity of gas species A and B (air and Cr vapor species in this 
case), υ is the kinematic viscosity of 2% humidified air, w is the bulk gas linear velocity 
(considering thermal expansion), and L  is the length of Cr2O3 sample. DAB  can be 
calculated according to the Fuller-Schettler-Giddings equation [114]: 
DAB =
0.001T1.75
pT((∑v)A
1
3+(∑v)B
1
3)
2√
1
MA
+
1
MB
                                    (3.7) 
where MA and MB are the molar masses of gas species A and B, pT is the total pressure, 
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∑vi is sum of the diffusion volume for species i. 
Combining Eq. 5, 6 and 7, the specific molar flux of Cr vapor species J can be 
calculated, and therefore the specific mass transfer rate (Cr evaporation rate) can be 
calculated as: 
Jm  =  J ∙ MCr                                                  (3.8) 
where MCr is the molar mass of Cr. 
Table 5 lists the values of key parameters for the mass transfer calculation. The Cr 
evaporation rate, Jm, is calculated to be 1.60 × 10
-10 g/cm2∙s in 2% humidified air at 800 
°C, which is comparable (same order) to that measured from the TG experiment (2.21 × 
10-10 g/cm2∙s). Therefore, the Cr vaporization results obtained from the free energy 
minimization is similar to the results obtained from the TG experiments and thus provides 
a greater confidence to the analysis presented regarding the reduction of the Cr species at 
the TPB’s and the subsequent degradation of the cathode performance. 
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Table 5. Parameters for the mass transfer calculation. 
Parameters Description Values 
p(i) 
Sum of equilibrium partial pressures of Cr vapor 
species 
1.53×10-9 atm 
T Temperature 1073 K 
υ Kinematic viscosity of 2% humidified air 1.66 cm2/s 
w Bulk gas linear velocity 160.50 m/s 
L Sample length 0.40 cm 
pT Total pressure 1 atm 
MAir+2%H2O Molar mass of 2% humidified air 28.74 g/mol 
MCrO2(OH)2 Molar mass of CrO2(OH)2 118.01 g/mol 
vAir+2%H2O Diffusion volume of 2% humidified air 19.95 cm
3/mol 
vCrO2(OH)2 Diffusion volume of CrO2(OH)2 10.30 cm
3/mola 
MCr Molar mass of Cr 52.00 g/mol 
a Holcomb [115]. 
3.4. Conclusions 
In this chapter, anode-supported solid oxide fuel cells with LSM-based cathode 
were tested in the presence and absence of Crofer 22 APU strips at 800 °C, under different 
cathode atmospheres and current conditions. It was found that the performance degradation 
can occur in any imposed operating conditions (dry or humidified air, open-circuit or 
galvanostatic condition), and the overall rates of performance degradation were as follows: 
Cell 1 (dry air + open-circuit) < Cell 3 (humidified air + open-circuit) < Cell 2 (dry air + 
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galvanostatic) < Cell 4 (humidified air + galvanostatic). The amounts of Cr-containing 
deposits at the cathode/electrolyte interface under these test conditions also followed the 
same trend. When cells were tested under humidified air and open-circuit condition, a slight 
initial performance drop and minor uniform Cr deposition were observed throughout the 
cathode, suggesting that a chemical pathway of Cr-poisoning is possible. However, the 
cathodic current seems to play a more important role than humidity in the Cr-poisoning 
phenomena. When cells were tested under a constant cathodic current, a larger performance 
degradation rate and a Cr deposit concentration gradient at the cathode/electrolyte interface 
were observed, suggesting an electrochemically dominant degradation mechanism. 
Based on free energy minimization calculations, Cr vaporization under different 
cathode atmospheres was investigated and the dominant Cr vapor species were determined. 
The Cr vaporization rate obtained from free energy minimization was found to agree with 
the results of the thermogravimetric experiments. Cathode performance degradation caused 
by Cr-poisoning appears to be associated with the Cr vapor species dissociation at the 
cathode/electrolyte interface. The equilibrium cell potentials for Cr vapor species 
reductions were calculated to be approximately 1.12 V, which are very close to the open-
circuit potential of the cell, indicating that the dissociation of Cr vapor species can occur 
once current starts passing through the cell.  
Combining the experimental results and the thermodynamic calculations, it is 
proposed that cathodic current can provide a driving force for the electrochemical reduction 
of the Cr vapor species. The reduction of higher valent Cr vapor species is followed by the 
precipitation of lower valent Cr-containing species at the cathode/electrolyte interface, 
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which then inhibits the oxygen reduction reaction. Meanwhile, the humidity in air promotes 
greater vaporization of Cr species and thereby greater deposition of lower valent Cr-
containing species at the cathode/electrolyte interface resulting in higher rates of cathode 
performance degradation. Therefore, to mitigate the effect of Cr-poisoning, it is a necessity 
to reduce the evaporation of Cr vapor species over the metallic components in the SOFC 
stacks. 
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4. Modeling of SOFC Polarization and Its Validation 
 
4.1. Introduction 
In the previous chapter, it has been shown that different extents of performance 
degradation occur in the presence of the Cr environment, depending on parameters such as 
cathode atmosphere and operating current conditions. For understanding the effects of Cr-
poisoning on the cathode performance, it is important to identify what is the most affected 
cathode process, namely, the nature of the polarization loss in the cathode. Compared with 
electrochemical impedance spectroscopy, current-voltage measurement is a more reliable 
electroanalytical method for anode-supported cell, since it can characterize the SOFC 
performance over a wide range of overpotentials (as mentioned in Chapter 2). Polarization 
modeling of current-voltage measurements is a very useful tool to quantitatively analyze 
the electrochemical performance of SOFC, because it provides information on how various 
cell materials, architectures, microstructures, fabrication processes affect the polarization 
losses.  
In this chapter, a polarization model developed earlier [98, 116–117] (Section 4.2) 
is used for analyzing the baseline cell performance with LSM-based cathode (without Cr-
poisoning effects). By curve-fitting the experimentally measured current-voltage 
measurements into this model, the total polarization loss of a cell is separated into the 
contributions of activation polarization, cathodic concentration polarization, anodic 
concentration polarization and ohmic polarization (Section 4.3). In order to validate the 
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accuracy of this polarization model, the polarization resistances of the cell are calculated 
using the fitting parameters and are compared with the corresponding values measured 
using electrochemical impedance spectroscopy (Section 4.4). Using the results from 
polarization modeling, the cathode reaction kinetics is studied (Section 4.5). To further 
verify the results from polarization modeling, an out-of-cell binary H2-H2O diffusivity 
measurement experiment was carried out (Section 4.6).  
 
4.2. Theory of polarization modeling 
The polarization model used in this work is based on a potential balance equation 
which relates the operating cell potential (Vcell) to the open-circuit potential (Vo) and 
various polarization (ohmic, activation, and concentration) losses: 
Vcell  =  Vo  −  iRi  −  ηact  −  ηconc,a  −  ηconc,c                      (4.1) 
where i is the current density (A/cm2), Ri is the area specific ohmic resistance of the cell 
(Ω∙cm2) which consists of the contributions of electrolyte, electrodes and contacts, ηact is 
the activation polarization (V), ηconc,a is the anodic concentration polarization (V), and 
ηconc,c is the cathodic concentration polarization (V). 
Activation polarization, ηact, is caused by slow charge transfer reactions between 
the electronic and ionic conductors at the triple phase boundaries. For small currents or 
rapid mass transfer, ηact is related to the current density by the Butler-Volmer equation: 
i =  io exp (
αnηactF
RT
) − io exp (
(1−α)nηactF
RT
)                          (4.2) 
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where io is exchange current density (A/cm2), α is the transfer coefficient, n is the number 
of electrons transferred per reaction, F is Faraday constant, R is the gas constant, and T is 
the cell operating temperature. n can be 1 or 2 depending on the reaction mechanism, and 
n = 1 was found to provide a better fit to the polarization model in this work. α is set equal 
to 0.5 with the assumption of a symmetric activation energy barrier for the fuel cell 
application [118, 119]. Thus, activation polarization, ηact, can be expressed as [118, 120, 
121]: 
ηact  =  
2RT
F
ln {
1
2
[(
i
io
) + √(
i
io
)
2
+  4]}                                (4.3) 
In equation (4.3), the activation polarizations occurring at both the cathode (ηact,c) 
and the anode (ηact,a) are lumped together. 
Concentration polarization, ηconc, is caused by slow mass transport of gaseous 
reactants and product species through the porous anode and cathode. The electrode process 
can be dominated by the concentration polarization at high current densities and/or when 
the porosity is insufficient for mass transport.  
The anodic concentration polarization, ηconc,a, with H2-H2O gas mixture as fuel in 
this study, can be expressed as [98, 116–117]: 
ηconc,a  =  −
RT
2F
ln (
pH2
(i)
pH2O
o
pH2
o pH2O
(i) ) =  −
RT
2F
ln (1 −
i
ias
) +
RT
2F
(1 +
pH2
o i
pH2O
o ias
)         (4.4) 
where p
H2
(i)
 and p
H2O
(i)
 are the partial pressure of H2(g) and H2O(g) at the anode/electrolyte 
interface, respectively, p
H2
o  and p
H2O
o
 are the partial pressure of H2(g) and H2O(g) outside 
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the anode surface, respectively, and ias is the anodic saturation current density. The anodic 
saturation current density, ias, is the current density at which the pH2
(i)
 becomes zero, and it 
is given by: 
ias = 
2FpH2
o DH2−H2O
eff
RTla
                                             (4.5) 
where DH2−H2O
eff  is the effective binary diffusivity of H2 and H2O in the anode, and la is the 
thickness of the anode.  
The cathodic concentration polarization, ηconc,c, with air (O2 and N2 mixture) as 
oxidant, can be expressed as [98, 116–117]: 
ηconc,c  =  −
RT
4F
ln (
pO2
(i)
pO2
o ) =  −
RT
4F
ln (1 −
i
ics
)                             (4.6) 
where p
O2
(i)
 is the partial pressure of oxygen at the cathode/electrolyte interface, p
O2
o  is the 
partial pressure of oxygen outside the cathode surface, and ics is cathodic saturation current 
density. The cathodic saturation current density, ics, is the current density at which the pO2
(i)
 
becomes zero, and it is given by: 
ics = 
4FpO2
o DO2−N2
eff
(
p−pO2
o
p
)RTlc
                                                 (4.7) 
where DO2−N2
eff  is the effective binary diffusivity of O2 and N2 in the cathode, lc is the 
thickness of the cathode, and p is the total pressure in the cathode. 
Finally, by substituting equation (4.3), (4.4), and (4.6) into equation (4.1), the 
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relationship between the operating cell potential (Vcell) and the current density (i) can be 
obtained [98, 116–117]: 
Vcell(i)  =  Vo  −  iRi  −  
2RT
F
ln {
1
2
[(
i
io
) + √(
i
io
)
2
+ 4]} +
RT
2F
ln (1 −
i
ias
) −
                     
RT
2F
(1 +
pH2
o i
pH2O
o ias
) +
RT
4F
ln (1 −
i
ics
)                                                               (4.8) 
 
4.3. Polarization analysis on a baseline cell with LSM-based cathode 
As described in the previous section, the cell potential can be expressed as a 
function of current density based on the knowledge of different polarization losses (i.e. 
ohmic, activation, and concentration polarizations). The experimental current density-
voltage traces can therefore be curve-fitted into equation (4.8), treating Ri, io, ias and ics as 
fitting parameters. In this section, the procedure for the analysis of various polarization 
losses are described, and the different polarization losses of a baseline LSM-based are 
quantified using the polarization model. 
The cell with LSM-based cathode was fabricated by the same process described in 
Chapter 3. Cell test setup is the same as that described in Chapter 3, except that Crofer 22 
APU strips was not used for baseline cell testing. The cell was electrochemically tested at 
800 °C. 
On the anode side, the composition of fuel was fixed at 98% H2 + 2% H2O and the 
flow rate of fuel was maintained at 300 cm3/min. On the cathode side, various compositions 
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of oxidant were used: (a) 100% O2, (b) 21% O2 + 79% N2, and (c) 10% O2 + 90% N2. The 
flow rate of oxidant was maintained at 1000 cm3/min, and no humidity was introduced in 
the oxidant. With these different compositions of oxidant, current-voltage (C-V) 
measurements were performed and impedance spectra under open-circuit conditions were 
also measured.  
 
Figure 25. Cell test and polarization modeling results of the cell at 800 °C with humidified 
hydrogen (98% H2 + 2% H2O) as fuel and various composition of oxygen and nitrogen 
mixture (100% O2, 21% O2 + 79% N2, and 10% O2 + 90% N2) as oxidant. 
 
The C-V curves measured with various oxidant compositions were fitted to the 
polarization model, as shown in Figure 25. The curve-fitting procedures can be described 
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as follows: 
(a) When using 100% O2 as oxidant, the contribution of cathodic concentration 
polarization is negligible, since ηconc,c approaches zero according to equation (4.6). 
Therefore, the C-V curve with 100% O2 was fitted into equation (4.8) using ohmic 
resistance, exchange current density, and anodic saturation current density as fitting 
parameters, while neglecting the cathodic concentration polarization term. 
(b) For fitting of the C-V curve measured with 21% O2 + 79% N2, the ohmic resistance 
(Ri) and anodic saturation current density (ias) obtained with 100% O2 were used as 
fixed parameters, because these two parameters are not expected to change with 
oxidant composition on the cathode side. Therefore, the exchange current density 
and the cathodic saturation current density were used as the fitting parameters. 
From the cathodic saturation current density, the binary diffusivity of O2-N2 was 
calculated (equation (4.7)). 
(c) To fit the C-V curves measured with 10% O2 + 90% N2, the ohmic resistance and 
anodic saturation current density obtained previously were again used as fixed 
parameters. The effective binary diffusivity of O2-N2 was considered to be 
independent of oxidant composition according to Yoon et al. [118], and thus the 
cathodic saturation current density with 10% O2 was calculated directly from the 
value obtained with 21% O2 using equation (4.7). With the above-mentioned 
assumptions, the C-V curve measured with 10% O2 + 90% N2 was fitted to the 
polarization model, by varying only the exchange current density.  
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Table 6. Curve-fitting results of the cell at 800 °C measured with 98% H2 + 2% H2O as 
fuel and various composition of oxygen and nitrogen mixture (100% O2, 21% O2 + 79% 
N2, and 10% O2 + 90% N2) as oxidant. 
Fitting parameters 100% O2 21% O2 + 79% N2 10% O2 + 90% N2 
Ri: ohmic resistance 
(Ω·cm2) 
0.034 0.034 0.034 
io: exchange current 
density (A/cm2) 
0.38 0.18 0.14 
ias: anodic saturation 
current density (A/cm2) 
3.79 3.79 3.79 
ics: cathodic saturation 
current density(A/cm2) 
 3.54 1.48 
 
The cell parameters obtained from the polarization modeling are shown in Table 6. 
It can be clearly seen that the exchange current density significantly decreases with 
decreasing oxygen content on the cathode side, and it can be explained by a decrease of 
the charge-transfer reaction rate due to low oxygen surface coverage. Using equations (4.5) 
and (4.7), the effective binary diffusivities of H2-H2O (DH2−H2O
eff ) and O2-N2 (DO2−N2
eff ) in 
the anode and cathode are calculated to be 0.132 cm2/s and 0.024 cm2/s, respectively (using 
anode thickness of 750 μm and cathode thickness of 80 μm). The calculated effective 
binary diffusivities of gases in the cathode and anode agree with the reported values from 
other literatures [117, 122–125]. 
With the fitting parameters (Ri, io, ias and ics) obtained from polarization modeling, 
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the contributions of ohmic polarization, activation polarization, anodic concentration 
polarization, and cathodic concentration polarization can be quantified as functions of 
current density. Figure 26 shows the C-V curve with 21% O2 and the separation of various 
polarization losses. It is found that the most-dominant polarization loss of the cell is 
activation polarization. In addition, at practical operating current densities, the cathodic 
concentration polarization is found to be significantly lower than anodic concentration 
polarization. 
 
Figure 26. Separation of various polarization losses in C-V curve measured with 21% O2 
at 800 °C. 
 
4.4. Electrochemical impedance spectroscopy in support of polarization model 
As mentioned before, impedance spectra were also measured with different 
compositions of oxidant. In the EIS measurement, the cell was perturbed with an 
alternating signal of small magnitude (50 mV in this study), and the impedance was 
  
76 
measured as a function of frequency of the AC source. In an impedance spectrum, the high-
frequency intercept on the real axis corresponds to the all the ohmic resistances (RΩ) of the 
cell, interconnect, contacts and lead wires. The low-frequency intercept on the real axis 
corresponds to the total resistance (Rtot) including all the ohmic resistances, activation 
polarization resistance, and concentration polarization resistance. Therefore, the sum of the 
activation and concentration polarization resistances, Rp, can be obtained by subtracting 
the high-frequency intercept from the low-frequency intercept on the real axis [118]. Figure 
27 shows the impedance spectra measured at 800 °C with humidified hydrogen (98% H2 + 
2% H2O) as fuel and various composition of oxygen and nitrogen mixture (100% O2, 21% 
O2 + 79% N2, and 10% O2 + 90% N2) as oxidant. 
 
 
Figure 27. Electrochemical impedance spectroscopy of the cell at 800 °C with humidified 
hydrogen (98% H2 + 2% H2O) as fuel and various composition of oxygen and nitrogen 
mixture (100% O2, 21% O2 + 79% N2, and 10% O2 + 90% N2) as oxidant. 
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In order to validate the accuracy of the polarization model, the polarization resistances of 
the cell are calculated using the fitting parameters obtained from the polarization model. 
The contribution of the activation polarization to the cell resistance is the derivative of ηact 
with respect to the current, i, and can be expressed from equation (4.3) as [118]: 
Ract =
dηact
di
=
2RT
F
∙
1
√i2+4io
2
                                        (4.9) 
When measuring impedance spectra under open-circuit condition, the current density of 
the cell is nearly zero, and therefore Ract|i→0 can be obtained as: 
Ract|i→0 =
RT
Fio
                                                     (4.10) 
The contribution of the anodic concentration polarization to the cell resistance is the 
derivative of ηconc,a with respect to current, i, and can be expressed from equation (4.4) as 
[118]: 
Rconc,a =
dηconc,a
di
=
RT
2F
∙ [
1
ias(1−
i
ias
)
+
pH2
o
PH2O
o ∙
1
ias(1+
pH2
o
pH2O
o ∙
i
ias
)
]                      (4.11) 
Under open-circuit condition, Rconc,a|i→0 is given as: 
Rconc,a|i→0 =
RT
2F
∙
1
ias
(1 +
pH2
o
PH2O
o )                                       (4.12) 
The contribution of the cathodic concentration polarization to the cell resistance is the 
derivative of ηconc,c with respect to current, i, and can be expressed from equation (4.6) as 
[118]: 
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Rconc,c =
dηconc,c
di
=
RT
4F
∙
1
ics(1−
i
ics
)
                                    (4.13) 
Under open-circuit condition, Rconc,c|i→0 is given as: 
Rconc,c|i→0 =
RT
4F
∙
1
ics
                                             (4.14) 
The total polarization resistance of the cell under open-circuit condition (Rp) can 
therefore be calculated by summing equations (4.10), (4.12) and (4.14) [118]: 
Rp = Ract|i→0 + Rconc,a|i→0 + Rconc,c|i→0 =
RT
Fio
+
RT
2F
∙
1
ias
(1 +
pH2
o
PH2O
o ) +
RT
4F
∙
1
ics
   (4.15) 
where io, ias, and ics are exchange current density, anodic saturation current density, and 
cathodic saturation current density obtained from the polarization modeling. 
The polarization resistances of the cell calculated from the polarization model and 
those measured using electrochemical impedance spectroscopy were compared. Figure 28 
shows that the area specific polarization resistances of the cell (Rp) at various oxidant 
compositions obtained from impedance spectra are in good agreement with those 
calculated using the fitting parameters. Thus, the polarization modeling is well supported 
by the electrochemical impedance spectroscopy measurements. 
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Figure 28. Comparison of polarization resistance of the cell measured with 
electrochemical impedance spectroscopy and calculated from the polarization modeling 
results. 
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4.5. Cathode reaction kinetics study in support of polarization model 
The oxygen reduction process in the LSM cathode on a YSZ electrolyte can be 
considered to proceed by the following steps (schematic is shown in Figure 29): 
 
Figure 29. Schematic of cathodic electrode reaction at O2(g)/LSM/YSZ interface. 
 
Step I: dissociative adsorption of O2(g) on the LSM surface: 
O2(g) + 2Vad(LSM)↔ 2Oad(LSM)                              (4.16) 
Step II: surface diffusion of adsorbed oxygen, Oad, from LSM surface to the triple-phase 
boundary: 
2Oad(LSM) ↔ 2Oad(TPB)                                     (4.17) 
Step III: charge transfer process at TPB: 
2Oad(TPB) +4e- ↔ 2O2-(YSZ)                                  (4.18) 
The dependency of exchange current density io or electrode interface conductivity 
σE (σE = ionF/RT) on PO2 is commonly used for discussing the electrode reaction kinetics 
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[126, 127]. Katama et al. found that in La0.8Sr0.2MnO3/YSZ electrode, σE  was nearly 
proportional to P1/2O2  when PO2  > 0.01 atm. They proposed a reaction model which 
explained the P1/2O2  dependence of σE , and suggested the electrode reaction was 
controlled by the surface diffusion of adsorbed oxygen atoms (step II) [128].  
In order to verify the one-half dependency, the C-V curves with different PO2 on a 
baseline cell with LSM-based cathode were curve-fitted into the polarization model. 
Exchange current densities (io’s) under these PO2 were obtained. In this work, since the 
anodic fuel composition (98 H2 - 2% H2O) simulated negligible fuel utilization under 
flooded condition, the anodic contribution in activation polarization is negligible [117, 
118]. Therefore the exchange current density of the cell (io) can be approximated to the 
exchange current density of the cathode (io,c). Figure 30 shows the dependence of io,c on 
oxygen partial pressure. The slope of PO2 vs io,c obtained by linear regression was found to 
be 0.44, indicating that io,c was nearly proportional to P1/2O2. 
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Figure 30. P(O2) dependence of cathodic exchange current density (io,c) at 800 °C for 
LSM-based cathode. 
 
The one-half dependency of exchange current density on PO2  is verified using the 
parameters obtained from the polarization model, which confirmed surface diffusion of 
absorbed oxygen atoms to be the rate-limiting-step in a clean LSM/YSZ electrode. Thus, 
the polarization modeling is well supported by the cathode reaction kinetics study. 
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4.6. Out-of-cell diffusivity measurement in support of polarization model 
To further validate the results from polarization modeling, an out-of-cell 
experiment was carried out to measure the effective binary diffusivity of H2-H2O 
(DH2−H2O
eff ) in a porous Ni-YSZ cermet. The schematic of the setup is shown in Figure 31a 
[129]. It comprises of a dense open-ended 10.5 mol% YSZ tube (McDaniel Advanced 
Ceramic Technologies, USA) serving as an oxygen sensor, a dense YSZ disc on one end 
of the YSZ tube serving as oxygen pump, and a porous Ni-YSZ cermet (Materials and 
Systems Research Inc., USA) on the other end of the YSZ tube serving as the sample for 
measuring effective diffusivity. NiO-YSZ paste was painted on both sides of the YSZ tube 
and disc as the electrodes for oxygen sensor and oxygen pump. YSZ paste was painted on 
the edge of NiO-YSZ cermet to allow a one-dimensional diffusion. After NiO-YSZ 
electrode and YSZ paste were sintered at 1300 °C for 2 h in air, Ni meshes and wires were 
attached to the electrodes using Ni paste for current application and voltage measurement. 
Glass paste was used to attach YSZ disc and Ni-YSZ cermet to the ends of the YSZ tube. 
The electrochemical cell was placed in a tube furnace and fired at 850 °C under 5% H2 – 
95% Ar (300 ml/min) for 4 hours to reduce the NiO and obtain a leak-tight seal.  
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Figure 31. (a) Schematic of the electrochemical cell for measuring effective binary 
diffusivity H2-H2O in porous Ni-YSZ cermet. (b) A schematic of Ni-YSZ sample, along 
with partial pressure gradient of hydrogen within the sample [129]. 
 
During measurement with 98% H2 – 2% H2O (300 ml/min) at 800 °C, constant 
current in the range 0.01–0.1 A/cm2 was applied through the oxygen pump, and the Nernst 
potential of the oxygen sensor was continuously measured until a steady state was 
established. Electrochemical measurements were made with a Solartron 1280B potentiostat 
(Ametek Scientific Instrument, USA). 
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Figure 31b shows a schematic of the Ni-YSZ sample, with a thickness and the 
partial pressures of hydrogen labeled. The partial pressures of H2 inside the tube can be 
related to the current density (i) applied on the oxygen pump by [129]: 
pH2
(i)
= pH2
o −
RTl
2FDH2−H2O
eff i                                          (4.16) 
where pH2
(i)
 and pH2
o  are the H2 partial pressures inside and outside the tube, respectively, 
and l is the thickness of the porous Ni–YSZ sample. In this experiment, pH2
o  is fixed, and 
pH2
(i)
 (at steady state) can be obtained using the Nernst potential E =
RT
4F
ln (
pO2
(i)
pO2
o ) and the 
H2/H2O equilibrium constant Keq =
pH2O
2
pH2
2 Po2
 (given ptotal = 1 atm ≈  pH2 + pH2O ). 
Therefore, DH2−H2O
eff  can be obtained from the slope of pH2
(i)
 vs. i. Details of the diffusivity 
experiment and methodology can be found in earlier work by He et al. [129]. 
Figure 32 shows the SEM micrograph of the porous Ni-YSZ sample after the 
experiment. The thickness of the Ni-YSZ sample was measured to be 750 μm, which is the 
same thickness as the anode in the full cell used in the C-V measurements.  
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Figure 32. SEM micrograph of the Ni-YSZ sample after the out-of-cell diffusivity 
measurement experiment. 
 
Figure 33. The Nernst potential across the oxygen sensor as a function of time at 800 °C, 
with the applied current density of 0.02, 0.04, 0.06, 0.08, and 0.1 A/cm2. 
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Figure 33 shows the measured Nernst potentials across the oxygen sensor as a 
function of time at 800 °C, with the applied current density of 0.02, 0.04, 0.06, 0.08, and 
0.1 A/cm2. The steady state pH2
(i)
’s were obtained using the Nernst equations, and Figure 34 
shows the pH2
(i)
 as a function of current density. The slope of pH2
(i)
 vs. i was obtained by 
linear regression, and  DH2−H2O
eff  in the porous Ni-YSZ cermet was measured to be 0.133 
cm2/s at 800 °C (using equation 4.16). The out-of-cell measured effective binary diffusivity 
of H2-H2O is in good agreement with that calculated in Section 4.3 (0.132 cm2/s), indicating 
that the anodic saturation current density (ias) obtained from polarization modeling is 
physically meaningful. 
 
Figure 34. The partial pressure of H2 inside the tube as a function of current density at 800 
°C. 
  
88 
4.7. Conclusions 
In this chapter, an analytical polarization model was used for studying the 
electrochemical performance of a baseline cell with LSM-based cathode. The cell was 
tested with various composition of oxidant (100% O2, 21% O2 + 79% N2, and 10% O2 + 
90% N2) at 800 °C, and the cell parameters including area specific ohmic resistance, 
exchange current density, and anodic and cathodic saturation current densities were 
obtained using polarization modeling. The contributions of various polarization losses in 
the total polarization were successfully separated, and activation polarization was found to 
be the most-dominant polarization loss in the cell. 
The polarization resistances of the cell calculated using the modeling results were 
compared with the values measured using electrochemical impedance spectroscopy, and 
they showed a good agreement. Cathode reaction kinetics is studied, and the one-half 
dependency of exchange current density on PO2 observed by other researchers is verified 
using the parameters obtained from the polarization model. In addition, the effective binary 
diffusivity of H2-H2O (DH2−H2O
eff ) calculated using the modeling results agreed with that 
obtained from out-of-cell diffusivity measurement experiment. The polarization modeling 
is well supported by the analytical and experimental results, which provides a greater 
confidence to use the polarization model in the analysis of the Cr-poisoning effects (as will 
be discussed in the next chapter).  
  
89 
5. Polarization Analysis of Chromium Poisoning Effects in (La,Sr)MnO3 (LSM) 
Based Cathode 
 
5.1. Introduction 
To investigate the effects of Cr-poisoning on the cathode performance, it is 
important to determine the change of polarization losses in the cathode and their 
contributions in the performance degradation. To separate the contributions of various 
polarization losses, deconvolution of the impedance spectra data into equivalent circuit 
model is usually performed [93, 94]. Matsuzaki and Yasuda analyzed the impedance 
spectra using a Randles-type equivalent circuit and found that both charge transfer and 
surface diffusion resistance increased due to Cr-poisoning [95]. Kornely et al. used the 
distribution of relaxation times (DRT) method to separate the impedance spectra into single 
loss contributions, and they discovered that the process, which couples oxygen surface 
exchange at the triple phase boundaries (TPB’s) and oxygen ion diffusion in the bulk 
cathode, was impacted by Cr-poisoning [76]. However, it can be difficult to interpret the 
information from impedance spectra (especially of anode-supported cells), since the 
correlation between the equivalent circuit elements and the physical or chemical 
parameters are not straightforward [97, 98].  
In this chapter, the Cr-poisoning effects on the cathode performance are evaluated 
using polarization modeling. Anode-supported SOFCs with LSM-based cathode in contact 
with chromia-forming interconnect (Crofer 22 H), were electrochemically tested at 800 °C. 
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On identical cells, test conditions were varied and different extents of performance 
degradation were observed. The current-voltage (C-V) measurements with and without Cr-
poisoning effects were curve-fitted to an analytical polarization model. Polarization losses 
associated with different cathode processes were successfully evaluated and compared. 
Polarization loss that is closely correlated with the effect of Cr-poisoning is determined, 
and a physical interpretation of this effect is proposed to help understand the mechanism 
of cathode performance degradation. 
 
5.2. Experimental 
The cells with LSM-based cathode were fabricated by the same process described 
in Chapter 3. Crofer 22 H was used as the interconnect material in this work (see Table 7 
for composition) [130]. Crofer 22 H mesh with mesh opening of about 0.6 × 0.9 mm and 
thickness of 0.2 mm, was commercially purchased from Fiaxell Sàrl (Switzerland). As part 
of the cell assembly, the Crofer 22 H mesh was cut into round shape having the same area 
as the cathode (2 cm2), and was attached on the cathode with LSM ink (a LSM slurry and 
polyvinyl butyral mixture) for current collection. The interconnect mesh was in direct 
contact with the cathode, so that the effect of interconnect in a realistic SOFC stack can be 
simulated. A Ni mesh was also pre-attached on the anode with Ni ink (Fuel Cell Materials, 
USA).  
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Table 7. Composition of Crofer 22 H. 
Elements Cr Mn Ti La Al Si Cu Ce C Fe 
wt% 22.85 0.45 0.08 0.06 0.0056 0.10 0.0046 0.0009 0.005 bal. 
 
Figure 35 shows the schematic of the setup for cell testing. It is comprised of two 
alumina tubes, with the cell sandwiched between them. Two silver wires with silver beads 
on the ends were pressed (by spring loading of less than 0.5 kg) on the Crofer 22 H mesh 
to serve as current and voltage probes on the cathode side, and two Ni rods were pressed 
on the Ni mesh to serve as current and voltage probes on the anode side. A gold gasket 
(Scientific Instrument Services, Inc., USA) on the cathode side and a mica gasket (Fuel 
Cell Materials, USA) on the anode side were compressed by spring loading of 
approximately 5 kg to obtain gas tightness. In addition, glass paste (Fuel Cell Store, USA) 
was applied outside the alumina tubes around the mating circumference to ensure a tight 
seal.  
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Figure 35. Schematic of setup for cell testing, with cathode in direct contact with 
interconnect mesh. 
 
The cells were electrochemically tested at 800 °C. In order to simulate low fuel 
utilization condition, 98% H2 – 2% H2O was circulated over the anode (obtained by 
bubbling H2 through a water bath at ~18 °C). The fuel flow rate was 300 cm3/min, which 
provided a flooded fuel condition and negligible fractional fuel utilization. Initially, dry air 
was circulated over the cathode at a flow rate of 1000 cm3/min (with gas velocity of 
approximately 4.8 m/s at 800 °C), also providing a flooded condition with negligible 
fractional oxidant utilization. The cells were first operated under open-circuit condition for 
at least 48 hours so that the cells could equilibrate. Galvanostatic pre-treatment process 
prior to actual cell testing was not suitable in this experiment because it would cause 
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undesired Cr-related degradation prior to the actual measurements. After the cell 
performances became stable under open-circuit condition, the initial performances of the 
cells were characterized by current-voltage (C-V) measurements and electrochemical 
impedance spectroscopy (EIS). 
Table 8. Cell test conditions imposed on four identical cells. 
Cell Cathode Atmosphere Current Condition Duration (h) 
Cell A Dry air Open-circuit 120 
Cell B Dry air Galvanostatic (0.5 A/cm2) 120 
Cell C 10% Humidified air Open-circuit 120 
Cell D 10% Humidified air Galvanostatic (0.5 A/cm2) 120 
 
After the initial performance measurements, different cathode atmospheres and 
current conditions were imposed on identical cells (from the same batch); the details of cell 
tests are shown in Table 8. Dry air was obtained by passing compressed air through 
desiccant, and 10% humidified air was obtained by passing the dry air through a water 
bubbler maintained at 46 °C (the gas tubing for the humidified air was heated to prevent 
condensation of the water vapor). In order to characterize the cell performance as a function 
of time, the open-circuit condition for Cell A/C or galvanostatic condition for Cell B/D was 
interrupted for making the C-V and EIS measurements every 24 hours. Subsequently, C-V 
and EIS measurements were made on these cells with a dry air cathode atmosphere and the 
cell performances were evaluated. This provided a consistent cathode atmosphere of dry 
air for comparing the performances of Cell A, B, C, and D. A Princeton Applied Research 
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PARSTAT® 2273 potentiostat and a KEPCO BOP 20-20M power amplifier were used for 
all electrochemical measurements. 
After electrochemical testing, cells were fractured and the cross-sectional 
microstructures of the cathodes were characterized by SEM and EDX. The methods of 
sample preparation and characterization were described in Chapter 3. 
 
5.3. Results and discussion 
5.3.1. Current-voltage measurements 
Figure 36 shows the C-V curves and the corresponding power density data of the 
four cells operated under different cathode atmospheres and current conditions. The initial 
maximum power densities of these four cells (measured under the same initial dry air and 
open-circuit condition) were very close (0.45 ± 0.02 W/cm2), indicating consistent initial 
cell performances (see Figure 36 for 0 h test results). However, after different cell operating 
conditions were imposed, different degradation behaviors of cell performances were 
observed from the C-V curves, and they can be described as follows:  
(a) Cell A, which was operated under open-circuit condition with dry air flowing over 
the cathode, had no observable performance degradation (see Figure 36a). The 
initial maximum power density of this cell was 0.43 W/cm2, and that after 120 hours 
was 0.44 W/cm2. The slight improvement of cell performance may be associated 
with the cell break-in, since no pre-treatment was performed. 
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(b) Cell B was also tested in a dry air cathode atmosphere. Unlike Cell A, Cell B was 
operated under a constant cathodic current density of 0.5 A/cm2 after the initial 
performance was measured. Significant degradation of the cell performance was 
observed (see Figure 36b). The maximum power densities decreased as follows: 
0.44 W/cm2 (0 h), 0.32 W/cm2 (24 h), 0.28 W/cm2 (48 h), 0.27 W/cm2 (72 h), 0.26 
W/cm2 (96 h) and 0.25 W/cm2 (120 h). The cell performance degraded rapidly 
during the first 24 hours of the imposed galvanostatic condition. After the rapid 
initial degradation, the rate of degradation decreased. In total, the maximum power 
density of Cell B decreased by approximately 43% in 120 hours. 
(c) Cell C was operated under open-circuit condition with 10% humidified air over the 
cathode. Similar to Cell A, no performance degradation of Cell C was observed 
(see Figure 36c). The maximum power density of this cell increased from 0.46 
W/cm2 at 0 hour to 0.47 W/cm2 at 120 hours (reason same as in (a)). 
(d) Cell D was tested in an extreme condition: under a constant cathodic current density 
of 0.5 A/cm2 with 10% humidified air over the cathode. A dramatic degradation of 
cell performance was observed in the first 24 hours, followed by a steady 
deterioration (see Figure 36d). The maximum power densities decreased as follows: 
0.47 W/cm2 (0 h), 0.20 W/cm2 (24 h), 0.17 W/cm2 (48 h), 0.16 W/cm2 (72 h), 0.14 
W/cm2 (96 h) and 0.12 W/cm2 (120 h). Overall, the maximum power density of 
Cell D decreased by approximately 74% in 120 hours. 
 
  
96 
 
Figure 36. Electrochemical test results of (a) Cell A: dry air + open-circuit condition, (b) 
Cell B: dry air + galvanostatic condition, (c) Cell C: 10% humdified air + open-circuit 
condition, and (d) Cell D: 10% humidified air + galvanostatic condition. 
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5.3.2. Electrochemical impedance spectroscopy under open-circuit condition 
 
Figure 37. Impedance spectra of (a) Cell A, (b) Cell B, (c) Cell C, and (d) Cell D measured 
under open-circuit condition at 800 °C. 
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Figure 38. Time dependences of polarization resistances (Rp) for Cell B and Cell D 
(obtained from the impedance spectra). 
 
Figure 37a, b, c and d show the impedance spectra of Cell A, B, C and D measured 
under open-circuit condition at 800 °C, respectively. In an impedance spectrum, the high-
frequency intercept on the real axis corresponds to the ohmic resistance (RΩ) of the cell, 
interconnect, contacts and lead wires. The low-frequency intercept on the real axis 
corresponds to the total resistance (Rtot) which includes all the ohmic and non ohmic 
polarization resistances. Therefore, the sum of the activation and concentration polarization 
resistances (non-ohmic resistances), Rp, can be obtained by subtracting the high-frequency 
intercept from the low-frequency intercept on the real axis. The results of EIS 
measurements can be described as follows: 
(a) In these four cells, no significant changes of ohmic resistances were found, 
indicating that the cathode performance degradation caused by Cr-poisoning is not 
due to the increase in the ohmic resistance. The stable area specific ohmic 
resistances of these four cells also indicate that the oxide scales formed over the 
Crofer 22 H meshes did not have significant differences in thickness, 
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microstructure and chemical composition after the 120-h testing under different 
cathode atmospheres and current conditions. 
(b) When there was no galvanostatic condition imposed on the cells (Cell A and C), Rp 
showed slight decrease (Figure 37a) or no change (Figure 37c), which corresponds 
to the stable cell performances characterized by C-V measurements. 
(c) When galvanostatic condition (0.5 A/cm2) was imposed on the cells (Cell B and D), 
different behavior was observed on Rp (see Figure 37b and Figure 37d). Rp of Cell 
B (which was operated in dry air) decreased for the first 96 hours, but the rate of 
decrease in the first 24 hours was more rapid. Rp of Cell D (which was operated in 
10% humidified air) decreased in the first 24 hours and then increased with time. 
The time dependences of Rp’s for Cell B and D are normalized and plotted in Figure 
38. 
 
In the case of Cell B and D, the magnitude of degradation (increase in Rp) and the 
time when degradation started to occur were different between EIS (see Figure 37 and 
Figure 38) and C-V (see Figure 36) measurements. The behavior that Rp decreases initially 
and then increases was also observed by some other authors [68, 95, 96, 131]. Matsuzaki 
and Yasuda explained it to be due to the partial recovery of the electrode performance after 
switching off the current [95]. Jiang el al. observed that the decrease of Rp was much more 
moderate in the presence of chromia-forming alloy, compared with that in the absence of 
chromia-forming alloy [96]. In our case, it was found that the decrease of Rp lasted for a 
much shorter time in Cell D (24 h) than in Cell B (96 h). Considering that no pre-treatment 
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was performed before any electrochemical measurements, we ascribe the initial decrease 
of the Rp to the activation effect of cathodic current on cell performance [96, 132], and it 
was captured by impedance spectroscopy under open-circuit condition. This activation 
effect was counteracted by the detrimental effect of Cr-poisoning which was larger in Cell 
D than in Cell B. From these measurements, it is confirmed that the impedance measured 
under open-circuit condition do not always reflect the actual performance degradation 
caused by Cr-poisoning. 
 
5.3.3. Effect of Cr-poisoning on cathodic polarizations 
As mentioned before in Chapter 4, the activation polarization (ηact) is a sum of the 
cathodic and anodic contributions. Yoon et al. showed that the activation polarization 
occurring at low fuel utilization is dominated by the cathodic contribution and the anodic 
contribution is negligible [133]. In this work, the anodic fuel composition (98 H2 - 2% 
H2O) simulated negligible fuel utilization under flooded condition, and therefore the total 
activation polarization can be approximated as due to the cathodic activation polarization 
(ηact,c) [98, 99, 133]: 
ηact  =  
2RT
F
ln {
1
2
[(
i
io
) + √(
i
io
)
2
+ 4]}  ≈  ηact,c  =  
2RT
F
ln {
1
2
[(
i
io,c
) + √(
i
io,c
)
2
+ 4]}     
(5.1) 
where io,c is the cathodic exchange current density. Substituting equation (5.1) in equation 
(4.8), the C-V measurement can be modelled as [99]: 
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 Vcell(i)  =  Vo  −  iRi  −  
2RT
F
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1
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i
io,c
)
2
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2F
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) −
RT
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) +
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ln (1 −
i
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)                                              (5.2) 
In the modeling, since the anode fuel composition and flow rate were fixed, it was 
assumed that the initial anodic saturation current density (ias) would not change with time, 
and thus ias obtained from the initial C-V curves were kept constant for modeling the Cr-
poisoned cell performance. In addition, assuming the resistance of lead wire did not change, 
the difference of RΩ measured by EIS (high-frequency intercept in impedance spectra) 
before and after Cr-poisoning (ΔRΩ) was set to be equal to the difference of Ri (ΔRi).  
Using the above-mentioned assumptions, the short-term effects of Cr-poisoning on 
the cathode performance were evaluated. The C-V curves measured at 0 h (without Cr-
poisoning effects) and 24 h (with Cr-poisoning effects) of Cell B and Cell D were fitted to 
the polarization model discussed previously in equation (5.2) and are shown in Figure 39. 
The fitting parameters: area specific ohmic resistance (Ri), cathodic exchange current 
density (io,c), anodic saturation current density (ias), and cathodic saturation current density 
(ics) obtained from the C-V curves of Cell B and D are listed in Table 9.  
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Figure 39. Cell test and polarization modeling results of the cells before and after 24 hours 
of 0.5 A/cm2 cathodic current density: (a) with dry air (Cell B) and (b) with 10% humidified 
air (Cell D). 
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Table 9. Curve fitting results of Cell B (tested with dry air under 0.5 A/cm2 constant 
current) and Cell D (tested with 10% humidified air under 0.5 A/cm2 constant current) 
before and after 24 hours of 0.5 A/cm2 cathodic current. 
Fitting 
Parameters 
Cell B Cell D 
0 hour 24 hours 0 hour 24 hours 
Ri (Ohm·cm2) 0.169 0.127 0.112 0.104                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                            
io,c (A/cm2) 0.146 0.066 0.124 0.024 
ias (A/cm2) 2.210 2.210 2.695 2.695 
ics (A/cm2) 1.760 1.505 1.970 1.078 
 
In the polarization modeling results of both Cell B and D (see Table 9), significant 
changes in cathodic exchange current density (io,c) were observed. After 24 hours of 
galvanostatic condition (at 0.5 A/cm2), io,c decreased from 0.146 to 0.066 A/cm2 (by ~55%) 
in Cell B, and it decreased from 0.124 to 0.024 A/cm2 (by ~81%) in Cell D. The cathodic 
exchange current density is a measure of the forward and reverse cathode reaction rates at 
equilibrium potential, and is associated with cathodic activation polarization through 
equation (5.1). A high cathodic exchange current density means a high oxygen reduction 
reaction (ORR) rate at the cathode. Decreases in cathodic saturation current density (ics) 
were also found (see Table 9). ics decreased from 1.760 to 1.505 A/cm2 (by ~14%) in Cell 
B, and it decreased from 1.970 to 1.078 A/cm2 (by ~45%) in Cell D. Cathodic saturation 
current density is a measure of diffusivity of the oxidant in the cathode, and is associated 
with the cathodic concentration polarization through equation (4.6). A high cathodic 
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saturation current density means a fast diffusion of oxygen from the bulk cathode to the 
cathode/electrolyte interface. A comparison between the microstructures of Cell B and Cell 
D (discussed in Section 5.3.4) also shows that the porosity in the cathode active layer in 
Cell D is significantly lower than that of Cell B due to the deposition of Cr-containing 
species, thus confirming the conclusion of the polarization modeling. 
To evaluate the effects of Cr-poisoning on cathodic activation polarization (ηact,c) 
and cathodic concentration polarization (ηconc,c), it is important to quantitatively determine 
their impacts on cell performance degradation. Using the fitting parameters (io,c and ics) in 
equation (4.6) and (5.1), ηact,c and ηconc,c of Cell B and D before and after Cr-poisoning 
were calculated as functions of current density, and they are plotted in Figure 40. It was 
found that the increase of cathodic activation polarization was most dominant. Also, 
compared with the cell tested with dry air (Cell B), the increase of cathodic activation 
polarization was much higher in the cell tested with humidified air (Cell D). Under normal 
operating conditions, the effect of Cr-poisoning on the cathodic concentration polarization 
is negligible but near saturation current densities it can rapidly increase (see Figure 40). 
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Figure 40. Cathodic activation polarization (ηact,c) and cathodic concentration polarization 
(ηconc,c) of Cell B and D before and after 24 hours of Cr-poisoning. 
 
5.3.4. Microstructures 
SEM and EDX were used for the microstructure characterization of the cathode 
cross sections of the tested cells. Figure 41 shows the SEM micrographs of the cathode 
cross sections of Cell A and C (which are tested under open-circuit condition). No Cr-
containing deposits were observed near the cathode/electrolyte interfaces in these two cells, 
which also corresponds to the stable cell performances mentioned in Sections 5.3.1 and 
5.3.2. 
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Figure 41. SEM micrographs of cathode cross sections in fractured cells: (a) Cell A: tested 
with dry air under open-circuit condition, and (b) Cell C: tested with 10% humidified air 
under open-circuit condition. 
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Figure 42. SEM micrographs of cathode cross sections in fractured cells and the 
corresponding EDX analyses in (a, c) Cell B: tested with dry air under 0.5 A/cm2 cathodic 
current density, and (b, d, e) Cell D: tested with 10% humidified air under 0.5 A/cm2 
cathodic current density. 
 
In Cells B and D which were tested under galvanostatic condition, Cr-containing 
deposits were observed (see Figure 42) which indicates that Cr deposition is 
electrochemically facilitated. In the case of Cell B (Figure 42a), a large amount of Cr-
containing deposits having size of less than 100 nm were observed. These deposits were 
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mainly located near the cathode/electrolyte interface (see Figure 42c). In the case of Cell 
D (Figure 42b), two types of Cr-containing deposits were observed in the cathode cross 
section: (a) clear crystals with distinct facets having size of around 500 nm near the 
cathode/electrolyte interface (see Figure 42d), and (b) smaller deposits having size of less 
than 100 nm (similar in morphology to those in Cell B) located at around 5–15 μm away 
from the electrolyte (see Figure 42e).  
EDX analyses were used to examine the elemental changes in the cathode cross 
sections. When examining Cr-poisoned LSM samples by EDX analysis, two overlaps were 
commonly observed: between CrKα and LaLβ2 peak, and between CrKβ and MnKα peak. 
For quantifying the concentration of Cr and Mn, the intensity of LaLα peak was taken as a 
reference since LaLβ2/LaLα and MnKβ/LaLα are fixed in a Cr-free sample (for a fixed 
composition). Thus, the relative intensity ratio of the (LaLβ2 + CrKα)/LaLα was taken as 
an effective criterion of the Cr deposition, and the relative intensity ratio of the 
MnKβ/LaLα was taken as an effective criterion of the concentration of Mn. A larger (LaLβ2 
+ CrKα)/LaLα or MnKβ/LaLα intensity ratio indicates a higher Cr or Mn concentration, 
respectively. In an untested Cr-free cell, the average LaLβ2/LaLα intensity ratio was 
measured to be ~0.171, and the average MnKβ/LaLα intensity ratio was measured to be 
~0.115.  
Figure 42 also shows the EDX spectra collected for the Cr-containing deposits. The 
(LaLβ2 + CrKα)/LaLα and MnKβ/LaLα intensity ratios of crystals with facets (see Figure 
42d) and finer deposits (see Figure 42c and Figure 42e) are higher than their baseline values 
in an untested Cr-free cell, indicating they are Cr and Mn rich phases. The intensities of Cr 
  
109 
and Mn from the faceted crystals are much higher than those at the finer deposits, and this 
indicates that Mn in the LSM was getting depleted by the Cr-containing deposits near the 
cathode/electrolyte interface in the case of Cell D. These Cr and Mn rich faceted crystals 
are likely to be (Mn,Cr)3O4 spinels , which were also observed by many other researchers 
[83–85, 134]. Compared with Cell B, presence of humidity in the case of Cell D played an 
important role in Cr-poisoning. At 800 °C, the most abundant Cr-containing vapor species 
in dry air is CrO3. In contrast, the most abundant Cr-containing vapor species in 10% 
humidified air is CrO2(OH)2 and its equilibrium partial pressure at 800 °C is approximately 
2 orders of magnitude higher than that of CrO3 in dry air [135, 136]. The formation of 
large faceted deposits at cathode/electrolyte interface in Cell D is likely due to the 
significantly higher Cr vapor pressure in humidified air than that in dry air. 
In order to quantify the amount of Cr-containing deposits at different cathode 
locations, EDX spectra were collected from rectangular areas (2 μm in the direction of 
cathode bulk and 16 μm parallel to the cathode/electrolyte interface) at 0, 1, 3, 5, 7, 15, 25, 
40, 50 μm away from electrolyte, and the average intensity ratios of (LaLβ2 + CrKα)/LaLα 
in these areas were obtained and compared. Figure 43 shows the (LaLβ2+CrKα)/LaLα 
intensity ratios as functions of distance away from the electrolyte measured in the four 
tested cells. In the case of Cell A and C (tested under open-circuit condition), the (LaLβ2 + 
CrKα)/LaLα intensity ratio is close to the baseline value throughout the cathode thickness. 
In the case of Cell B and D (tested under galvanostatic condition), however, concentration 
gradients of the amount of Cr-containing deposits ((LaLβ2 + CrKα)/LaLα intensity ratio) 
are observed. The Cr concentration at the cathode/electrolyte interface are much higher 
  
110 
than that in the bulk cathode in both Cell B and Cell D. Furthermore, the overall Cr 
concentration near the cathode/electrolyte interface in Cell D is much higher than that in 
Cell B, and the Cr-containing deposits in cell D extend more into the cathode compared 
with that in Cell B (agrees with the SEM observations). The possibility of minor surface 
diffusion of Cr-containing species from the Crofer 22 H mesh cannot be ruled out [109, 
137]. However, the Cr-poisoning at the cathode/electrolyte interface under galvanostatic 
conditions is clearly evident from Figure 43 (comparing Cell A with Cell B and Cell C 
with Cell D). Furthermore, in humidified air, the higher vapor pressure of the Cr-containing 
species magnifies the electrochemically induced Cr deposition and performance 
degradation (comparing Cell B with Cell D). 
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Figure 43. (LaLβ2+CrKα)/LaLα intensity ratios measured at different cathode thicknesses, 
relative to the electrolytes of four tested cells. 
 
The observed overall composition profile in the cathode during Cr-poisoning in 
Cell B and D can be explained as follows. Initially the Cr-containing species are 
electrochemically deposited at the TPB’s near the cathode/electrolyte interface. The Cr-
containing deposits then start to deplete Mn from LSM near the cathode/electrolyte 
interface which results in the formation of Mn-Cr-O rich phases (likely (Mn,Cr)3O4 spinels). 
The Mn-depleted LSM and the LSM sites covered with Cr-containing deposits have less 
conductivity and catalytic activity for oxygen reduction reaction than the pristine LSM 
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sites, resulting in the increase of cathode activation polarization. As a result, the TPB sites 
for charge transfer extend into the cathode and the Cr-containing deposits begin to appear 
in the cathode away from the electrolyte.  
 
5.4. Conclusions 
In this chapter, anode-supported solid oxide fuel cells with LSM-based cathode 
were electrochemically tested in direct contact with the Crofer 22 H mehses at 800 °C, 
under different cathode atmospheres (dry air or humidified air) and current conditions 
(open-circuit or galvanostatic). When there was no cathodic current (Cell A and C), no 
performance degradation was observed during the 120-h testing and the cathode/electrolyte 
was found to be clean. However, in the presence of a constant 0.5 A/cm2 cathodic current, 
significant performance degradations of the cells were observed and large amounts of Cr-
containing deposits were found in the cathode cross sections. The degradation was found 
to be more severe when cathode was in 10% humidified air, compared with that in dry air.  
Employing a polarization model, the electrochemically measured current-voltage 
curves before and after the Cr-poisoning were analyzed. The total polarization loss of a cell 
is separated into the contributions of cathodic activation polarization, cathodic 
concentration polarization, anodic concentration polarization and ohmic polarization. It is 
determined for the first time that the performance degradation caused by Cr-poisoning is 
primarily due to the significant increase of the cathodic activation polarization, and it is 
considered to be due to the decreasing electrochemically active sites for oxygen reduction 
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reaction near the cathode/electrolyte interface. Cathodic concentration polarization also 
increases due to Cr-poisoning because the Cr-containing deposits aggregate within the 
pores of the cathode and block the gas diffusion, but this effect is less prominent than the 
increase of cathodic activation polarization. This study quantitatively shows the effects of 
Cr-poisoning on different cathodic polarization losses and the observations correlate well 
with the microstructural changes in the cathode. 
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6. Mitigation of Chromium Poisoning Employing Copper Manganese Spinel 
Coated Interconnect 
 
6.1. Introduction 
Lowering the operating temperature of solid oxide fuel cells to the intermediate 
range of 650 – 800 °C can not only improve the reliability and stability of SOFCs, but also 
enable the use of metallic alloys in interconnects and balance-of-plant (BoP) materials [3, 
12, 68, 69, 138]. Compared with ceramic interconnects (such as doped LaCrO3), metallic 
interconnects have higher electronic conductivity, higher thermal conductivity, better 
machinability and lower cost [68, 72, 138–140]. The most widely developed and studied 
metallic interconnect materials are the chromia-forming alloys due to their high thermal 
compatibility with other SOFC components, high oxidation resistance at high temperature, 
the conductive chromium (Cr) containing oxide scale that forms on the alloy surface [12, 
138–140]. However, on the cathode side (oxidation environment), the Cr-containing oxide 
scale can react with oxygen/moisture and form higher valent Cr-containing vapor species 
(e.g. CrO3 and CrO2(OH)2) [77, 102, 136]. These Cr-containing vapor species can transport 
and deposit in the cathode and deteriorate its performance, which has been reported in the 
previous chapters and also observed by other researchers [66–70, 79, 83, 86].  
To mitigate the Cr-poisoning effect, decreasing the amount of Cr-containing vapor 
species evaporated over interconnect becomes an obvious solution. Fe-Cr-Mn alloys such 
as Crofer 22 APU [141] and Crofer 22 H [130] (ThyssenKrupp VDM), Sanergy HT 
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(Sandvik Materials Technology)[142] and ZMG 232 (Hitachi Metals)[143] have been 
widely developed for SOFC interconnect application. Due to the small amounts (0.3 – 0.5 
wt.%) of Manganese in the Fe-Cr alloys, these steels develop a well adherent (Cr,Mn)3O4 
spinel top layer above the Cr2O3 layer at 800 and 850 °C, and Cr evaporation rate over 
them is 2–3 times lower than that over alloys with pure Cr2O3 scales such as Ducrolloy 
(Plansee), or with a noncontinuous (Cr,Mn)3O4 top layer such as E-brite (ATI Allegheny 
Ludlum). [103–105, 144].  
Although (Cr,Mn)3O4 top layer formed over the Fe-Cr-Mn alloys can effectively 
decrease the Cr evaporation rate, it has been shown that performance degradation caused 
by Cr-poisoning is still considerable when using these alloys as interconnect materials [76, 
85, 99, 136, 145]. Thus, in order to mitigate the stack performance degradation, long-term 
stable protective coatings over the interconnect for minimizing the Cr vaporization are 
indispensable. Over the past 10 years, extensive efforts were made in the development of 
protective coatings for metallic interconnects [139, 140]. Among various coating materials, 
composite spinel oxides appear to be the most promising candidate, due to their high 
conductivities and good capabilities in retarding oxidation of metallic interconnect and 
suppressing vaporization of chromium [140]. While (Mn,Co)3O4 spinels are the most 
studied to date [145–152], Cu-Mn spinels that have higher electronic conductivities and 
lower cost are recently receiving more attention [153–159].  
In this chapter, mitigation of Cr-poisoning employing a candidate CuMn1.8O4 spinel 
interconnect coating is demonstrated. CuMn1.8O4 spinel coating is deposited on Crofer 22 
H mesh by electrophoretic deposition (EPD) and densified by a reduction and re-oxidation 
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process. To evaluate the performance of the CuMn1.8O4 spinel coating, the spinel-coated 
Crofer 22 H mesh is employed in the electrochemical testing of anode-supported cell 
(ASC). To simulate the interconnect in the stack, the mesh is placed in direct contact with 
the SOFC cathode. For comparison, Crofer 22 H mesh with no protective coating and that 
with commercial CuMn2O4 spinel coating are also investigated. In addition to the 
electrochemical tests, microstructures of the different Crofer 22 H meshes and the 
corresponding cell cathodes are characterized and compared. The performances of two 
types of Cu-Mn spinel interconnect coatings, CuMn2O4 (commercial) and CuMn1.8O4 (lab-
developed), in mitigating Cr-poisoning are evaluated, and the effect of coating density on 
degradation phenomena are discussed. 
 
6.2.Experimental 
6.2.1. Electrophoretic deposition of CuMn1.8O4 spinel coating 
Crofer 22 H (see Table 7 for composition), was used as the interconnect material in 
this study [130]. Crofer 22 H meshes with no coating and those with CuMn2O4 spinel 
coating were commercially available from Fiaxell SOFC Technologies (Switzerland) 
[160]. According to technical specifications, the CuMn2O4 coated mesh was sintered in air 
at 850 °C for 3 h. The meshes have openings of about 0.6 × 0.9 mm and thickness of 0.2 
mm.  
The uncoated Crofer 22 H meshes were used as the substrates for deposition of the 
CuMn1.8O4 spinel coating by the electrophoretic deposition (EPD) process in our laboratory 
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(the substrates were ultrasonically cleaned in acetone prior to coating deposition) 1 . 
Powders of CuMn1.8O4 used for the coating were synthesized by the glycine nitrate process 
(GNP). Proportional amounts of manganese nitrate (Mn(NO3)2∙4H2O, Alfa Aesar), copper 
nitrate (Cu(NO3)2∙2.5H2O, Alfa Aesar) and glycine (CH2NH2COOH, Alfa Aesar) were 
dissolved into deionized water, stirred for 10 min, and heated on a hot plate at 100 °C for 
25 min for evaporating the excess water. The temperature of the precursor was then raised 
until the auto-combustion occurred. After the combustion reaction was completed, the 
powders were calcined at 500 °C for 5 h to remove any unreacted reactants.  
The synthesized spinel powders were ball-milled in ethanol for 4 h with 0.3 mm 
zirconia balls (Tosoh. Corp, Japan) to reduce the particle size. The CuMn1.8O4 powders 
were then mixed with desired amounts of acetone, ethanol and iodine (as the charge 
carrier), and the mixture was used as suspension media for the EPD process. The EPD was 
performed for 10 min at a constant voltage (20 V). Due to the irregular shape of the meshes, 
instead of conventional uniaxial compaction, the as-deposited coating was densified by 
subjecting the samples to a thermal treatment process: reduction at 1000 °C for 24 h in 
forming gas (2% H2 + 98% Ar) and then annealing in air at 850 °C for 100 hours. Details 
of the process for spinel coating can be found in [159]. 
                                                        
1 The electrophoretic deposition of CuMn1.8O4 spinel coating was developed by my colleague 
Zhihao Sun. 
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6.2.2. Cell tests employing interconnect meshes 
The cells with LSM-based cathode were fabricated by the same process described 
in Chapter 3. On identical cells, Crofer 22 H meshes (a) with no protective coating, (b) 
with commercial CuMn2O4 coating, and (c) with lab-developed CuMn1.8O4 coating, were 
used individually as current collectors on the cathode side for electrochemical cell testing. 
Prior to the cell assembly, the Crofer 22 H mesh (bare/CuMn2O4 coated/CuMn1.8O4 coated) 
was cut into a round piece having the same area as the SOFC cathode (~2 cm2), and was 
attached on the cathode with a LSM paste. A nickel mesh was also pre-attached on the 
anode with nickel paste (Fuel Cell Materials, USA). Figure 44 shows the schematic of the 
cell structure and interconnect mesh during the cell testing.  
The fixture for cell testing was the same as that described in Chapter 5. The fixture 
was comprised of two alumina tubes, with the cell sandwiched between them. A gold 
gasket on the cathode side and a mica gasket on the anode side were used for sealing 
purpose. In addition, glass paste was applied outside the tube circumference to ensure gas 
tightness. Two silver wires on the cathode side and two nickel rods on the anode side were 
firmly pressed on the corresponding Crofer 22 H mesh and nickel mesh, to ensure good 
contacts. On each side, one wire/rod was used as current lead, and the other for voltage 
measurement. 
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Figure 44. A schematic of the cell structure and the interconnect mesh during cell testing. 
 
The cells were electrochemically tested at 800 °C. On the anode side, humidified 
hydrogen with 2% H2O (obtained by passing hydrogen through a water bubbler at ~ 18 °C) 
was circulated at 300 cm3/min, providing fuel under flooded condition and low fuel 
utilization. On the cathode side, dry air was used over the cathode at 1000 cm3/min (with 
gas velocity of approximately 4.8 m/s at 800 °C), which also provided a flooded condition 
with negligible fractional oxidant utilization. The cell testing procedure was as follows: 
a. After the open-circuit voltage (OCV) of the cell was stable, current-voltage (C-V) 
measurement and electrochemical impedance spectroscopy (EIS, under open-
circuit condition) were performed to characterize the initial cell performance (at t 
= 0 h).  
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b. The cell was then operated under open-circuit condition for 48 h. After that, the C-
V and EIS measurements were carried out (at t = 48 h) to characterize the cell 
performance after 48 h exposure under open-circuit conditions. 
c. Cell was then operated under galvanostatic condition at 0.5 A/cm2 (relative to the 
cathode area) for up to 240 h. The galvanostatic condition was interrupted by C-V 
and EIS measurements every 24 h to monitor the cell performance on a daily basis. 
 
Table 10. Cell test conditions with uncoated, CuMn2O4 coated, CuMn1.8O4 coated 
interconnect meshes. 
Cell 
Interconnect  
Coating 
Current Condition 
Total 
Duration (h) 
Cell 1 No coating 48 h of open-circuit + 144 h at 0.5 A/cm2 192 
Cell 2 
CuMn2O4 
coating 
48 h of open-circuit + 240 h at 0.5 A/cm2 288 
Cell 3 
CuMn1.8O4 
coating 
48 h of open-circuit + 240 h at 0.5 A/cm2 288 
 
The details of the cell test conditions with uncoated, CuMn2O4 coated, CuMn2O4 
coated interconnect meshes, are summarized in Table 10. All electrochemical 
measurements were made with a Princeton Applied Research PARSTAT® 2273 
potentiostat, and a KEPCO 20-20M power amplifier. 
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6.2.3. Microstructure characterization 
The meshes with both coatings before and after the cell tests were sectioned and 
impregnated with epoxy. After the epoxy hardened, they were polished down to 0.05 μm 
and sputter-coated with carbon. The cross sections of the coatings were examined by 
scanning electron microscopy (SEM, Zeiss Supra 55VP) and energy dispersive X-ray 
spectroscopy (EDX, EDAX). 
After the electrochemical testing, the cross-sections of the cathodes tested with 
different interconnect meshes were characterized by SEM and EDX. The methods of 
sample preparation and characterization were described in Chapter 3. 
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6.3. Results and Discussion 
6.3.1. Electrophoretic deposition of CuMn1.8O4 spinel coating 
 
Figure 45. SEM micrographs of the cross sections and the top views of coatings before 
cell testing: (a, c) commercial CuMn2O4 coating, and (b, d) lab-developed CuMn1.8O4 
coating. 
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Figure 45a and b show the cross-sections of commercial CuMn2O4 and lab-
developed CuMn1.8O4 coatings on the surface of Crofer 22 H mesh, respectively. The 
commercial CuMn2O4 coating has approximately 5 ± 1 μm thickness, and it appears to be 
porous. In contrast, the lab-developed CuMn1.8O4 coating is thicker (approximately 10 μm), 
and it appears to be relatively denser. 
SEM images of the top views of CuMn2O4 and CuMn1.8O4 coatings are shown in 
Figure 45c and d, respectively. Again, compared with the commercial CuMn2O4 coating, 
the lab-developed CuMn1.8O4 coating is much denser with nearly no gap between the spinel 
grains. 
 
6.3.2. Cell test results 
6.3.2.1. Cell performance under open-circuit condition 
As mentioned in Section 6.2.2, cells were initially operated under open-circuit 
condition for 48 h. Figure 46a and b show the impedance spectra measured of Cells 1, 2 
and 3 at 0 h and after 48 h under open-circuit conditions, respectively. In an impedance 
spectrum (represented by a Nyquist plot), the high-frequency intercept on the real axis 
corresponds to the area specific ohmic resistance (RΩ) of the cell. The difference between 
high frequency intercept and low frequency intercept corresponds to the area specific 
electrode polarization resistances (Rp). The results of EIS measurements in the first 48 
hours can be described as follows: 
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(a) The ohmic resistances (RΩ) of the cells tested with uncoated, CuMn2O4 coated and 
CuMn1.8O4 coated interconnect meshes were 0.24, 0.20 and 0.18 Ω∙cm2, 
respectively, and during the 48 h of open-circuit condition the values did not change. 
Comparing the ohmic resistances between the cells, it is found that cells tested with 
the spinel-coated meshes have lower RΩ’s and Cell 3 (tested with CuMn1.8O4 coated 
mesh) shows the lowest RΩ value among the three cells. 
(b) At 0 h, the area specific resistances (Rp) of Cells 1, 2 and 3 were 1.89, 1.85 and 
1.74 Ω∙cm2, respectively, (see Figure 46a). The initial Rp’s of these cells appeared 
to be relatively close, which is reasonable since the cells were fabricated and 
assembled under identical conditions. 
(c) At 48 h, the area specific resistances (Rp) of Cells 1, 2 and 3 were 1.91, 1.55 and 
1.22 Ω∙cm2, respectively, (see Figure 46b). Compared with their initial values 
measured at 0 h, Rp of Cell 1 (tested with uncoated interconnect) slightly increased 
by 1.1%, Rp of Cell 2 (tested with CuMn2O4 coated interconnect) decreased by 
16.2%, and Rp of Cell 3 (tested with CuMn1.8O4 coated interconnect) decreased by 
29.9%. While the decrease of Rp for the cells tested with spinel-coated 
interconnects (Cells 2 and 3) can be ascribed to the cell break-in [99, 106–108, 136, 
161], the slight increase of Rp for cell tested with uncoated interconnect (Cell 1) 
clearly indicates that some Cr-poisoning through the chemical route occurs under 
open-circuit condition. 
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Figure 46. Impedance spectra measured under open-circuit condition at 800 °C in dry air:  
(a) at t = 0 h, and (b) at t = 48 h (the high frequency intercepts are normalized to zero for 
comparing the non-ohmic polarization resistance). 
 
The C-V curves and the corresponding power density curves of the cells measured 
at 0 h and at 48 h are displayed in Figure 47a and b. At 0 h, the maximum power densities 
of Cells 1, 2 and 3 were 0.36 W/cm2, 0.35 W/cm2 and 0.40 W/cm2, respectively. At 48 h, 
due to the cell break-in, the maximum power densities for the above-mentioned cells 
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increased to 0.41 W/cm2 (by ~14%), 0.51 W/cm2 (by ~46%), and 0.61 W/cm2 (by ~53%), 
respectively. In the case of Cell 1 (tested with uncoated meshes), the extent of increase in 
maximum power density due to cell break-in was significantly smaller than the cells that 
were tested with spinel-coated meshes, again indicating that the cell break-in Cell 1 was 
counteracted by the Cr-related degradation under open-circuit condition.  
 
Figure 47. Current density-voltage curves and corresponding power density curves 
measured at 800 °C and in dry air: (a) at 0 h, and (b) after 48 h of open-circuit condition. 
 
Overall, the observations from C-V measurements and from EIS measurements 
agreed with each other, showing highest improvement of performance of Cell 3, moderate 
improvement of performance of Cell 2, and no/minimal improvement of performance of 
Cell 1.  
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6.3.2.2. Cell performance under galvanostatic condition 
 
Figure 48. Area specific polarization resistance (Rp) and area specific ohmic resistance 
(RΩ) obtained from EIS measurements as a function of time. 
 
After 48 hours of open-circuit condition, the cells were operated under 
galvanostatic condition at 0.5 A/cm2. Figure 48 shows the area specific polarization 
resistance (Rp) and area specific ohmic resistance (RΩ) obtained from electrochemical 
impedance spectroscopy (EIS) measurements as functions of time for Cells 1, 2 and 3. The 
results of EIS measurements after 48 h can be described as follows: 
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(a) In these three cells, no significant changes of area specific ohmic resistances (RΩ’s) 
were observed. At the ends of the experiments, the area specific ohmic resistance 
of Cells 1, 2 and 3 were measured to be 0.19, 0.20, and 0.14, respectively, which 
indicates that the lab-developed CuMn1.8O4 coating provided distinctly better 
electrical conductivity. 
(b) The area specific polarization resistances (Rp’s) of Cell 1 and 2 were found to 
decrease at the beginning of the galvanostatic testing, and then they started to 
increase. As mentioned in Chapter 5, the behavior that Rp decreases initially and 
then increases was also observed by some other authors [68, 95, 96, 131], and can 
be ascribed to the activation effect (cell break-in) of cathodic current on cell 
performance. The increase in the Rp value after the decrease for cells 1 and 2 can 
be ascribed to the degradation caused by the Cr-poisoning effect. The rate of 
increase of the Rp value for cell 2 is less than that of cell 1 indicating the beneficial 
effect of the CuMn2O4 coating in decreasing the performance degradation due to 
Cr-poisoning. 
(c) In contrast, Rp of Cell 3 is relatively stable during galvanostatic testing. The 
relatively stable Rp of Cell 3 is due to the fact that the cell performance of Cell 3 
improved during the first 48 h under open-circuit condition and there was no impact 
of Cr-poisoning. Overall, Rp of Cell 3 was the lowest, compared to that of Cells 1 
and 2. 
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Figure 49 shows the Nyquist plots of Cells 1, 2 and 3 measured before and after 
galvanostatic testing at 800 °C. The activation effect of cathodic current on the cell 
performance in Cell 3 was much less compared to that in Cells 1 and 2 and agreeing with 
all the conclusions presented from Figure 48. 
 
Figure 49. Nyquist plots of Cells 1, 2 and 3 obtained before and after galvanostatic 
condition (the high frequency intercepts are normalized to zero for comparing the non-
ohmic polarization resistance). 
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The cell performances were also characterized using C-V measurements. Figure 
50a shows the cell potentials at 0.5 A/cm2 (obtained from C-V measurements) as a function 
of time for the cells tested with different interconnect meshes. The cell performances can 
be described as follows: 
(a) Cell 1: when there was no protective coating over the interconnect mesh, significant 
degradation of cell performance was observed under galvanostatic condition (0.5 
A/cm2). The cell performance degradation was most rapid in the first 24 hours and 
then the rate of degradation decreased. Overall, the cell potential at 0.5 A/cm2 
decreased from 0.67 V to 0.47 V (degraded by ~30%) during the 144 h of 
galvanostatic testing. 
(b) Cell 2: in the case of the commercial CuMn2O4 spinel coating, cell performance 
increased slightly in the first 24 h of galvanostatic testing, and then stable for the 
next 144 h of galvanostatic testing (72 h to 216 h in Figure 50a). However, 
degradation was observed starting from 216 h (see Figure 50a). In total, the cell 
potential at 0.5 A/cm2 increased from 0.71 V to 0.73 V (improved by ~3%) in the 
240 h of galvanostatic testing. 
(c) Cell 3: in contrast, when lab-developed CuMn1.8O4 spinel coating was employed, 
no performance degradation was observed during the entire experiment. The cell 
potential at 0.5 A/cm2 increased from 0.74 V to 0.87 V in 288 h (improved by 
~18%). 
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The power density curves before and after the galvanostatic testing of these cells 
are displayed in Figure 50b. The maximum power density of Cell 1 decreased from 0.41 to 
0.24 W/cm2 (by ~43%), and that of Cell 2 decreased from 0.51 to 0.44 W/cm2 (by ~14%). 
In contrast, the maximum power density of Cell 3 increased from 0.61 to 0.86 W/cm2 (by 
~42%). 
These results show that the cell with uncoated Crofer mesh (cell 1) shows maximum 
performance degradation due to Cr poisoning while the cell with the commercial CuMn2O4 
spinel coated Crofer mesh (cell 2) show significantly less performance degradation, and 
the cell with the lab-developed CuMn1.8O4 spinel coated Crofer mesh showed essentially 
no performance degradation. 
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Figure 50. (a) Cell potentials at 0.5 A/cm2 as functions of time, with uncoated, CuMn2O4 
coated and CuMn1.8O4 coated interconnect meshes as cathode current collectors. (b) Power 
density curves of the cells measured at t = 48 h and at the ends of the experiments (i.e. 
before and after the galvanostatic conditions). 
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Similar to observations reported earlier (Chapters 3 and 5), it is seen that compared 
to open-circuit conditions, galvanostatic condition (at 0.5 A/cm2) can significantly promote 
the performance degradation when there is no protective coating over the interconnect 
mesh (Cell 1). This is considered to be due to the Cr-containing oxide scale over the 
uncoated Crofer 22 H mesh which easily reacts with O2 in the air and provides Cr vapor 
species which get electrochemically deposited in the cathode [99, 136]. In contrast, when 
CuMn2O4 or CuMn1.8O4 spinel coating was applied over the Crofer 22 H mesh, slight or 
no degradation of cell performance was observed due to the suppression effects of the 
spinel coatings on the evaporation of Cr vapor species. However, comparing the two types 
of Cu-Mn spinel coatings, it was found that the performance of the lab-developed denser 
CuMn1.8O4 coating was distinctly better, showing no observable degradation of cell 
performance. 
 
6.3.3. Microstructure of cell cathodes 
Figure 51a–d show the cross-sectional SEM micrographs near the 
cathode/electrolyte interfaces in (a) an untested reference cell, (b) Cell 1: tested with 
uncoated Crofer 22 H mesh, (c) Cell 2: tested with commercial CuMn2O4 coating, and (d) 
Cell 3: tested with lab-developed CuMn1.8O4 coating. Compared with the clean interface 
in the reference cell (Figure 51a), the following differences are observed in the 
microstructure of Cells 1, 2 and 3: 
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(1) In Cell 1, major amounts of Cr-containing deposits are observed near the 
cathode/electrolyte interface, and these deposits appear to extend several 
micrometers into the cathode (Figure 51b).  
(2) In Cell 2, the Cr-containing deposits are mainly distributed at the 
cathode/electrolyte interface, where the amounts of deposits are much less than 
those in Cell 1 (Figure 51c).   
(3) In contrast, the cathode/electrolyte interface in Cell 3 appears to be relatively clean 
with no observable Cr-containing deposits (Figure 51d). 
 
EDX analyses were performed to examine the elemental changes in the cathode 
cross sections of the cells after electrochemical testing. As described in Chapter 3, the 
relative intensity ratio of the (LaLβ2 + CrKα)/LaLα was taken as an effective criterion of 
Cr deposition; a larger (LaLβ2 + CrKα)/LaLα intensity ratio indicates a higher amount of 
Cr deposits. The EDX spectra obtained from the dashed circular regions indicated in Figure 
51a–d are correspondingly shown in Figure 51e–h. The intensity ratios of (LaLβ2 + 
CrKα)/LaLα were as follows: Cell 1 (4.78) > Cell 2 (0.61) > Cell 3 (0.20) > reference cell 
(0.17). 
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Figure 51. SEM micrographs of cathode cross sections in: (a) untested reference cell, (b) 
Cell 1: tested with uncoated Crofer 22 H mesh, (c) Cell 2: tested with commercial CuMn2O4 
coating, and (d) Cell 3: tested with lab-developed CuMn1.8O4 coating. (e–h) EDX spectra 
obtained from the dashed circles corresponding to Figure 51a–d. 
 
To quantify and compare the amounts of Cr concentrations in the cathodes of the 
three tested cells, EDX spectra were collected from rectangular areas (2 μm in the direction 
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of cathode bulk and 16 μm parallel to the electrolyte) at 0, 1, 3, 5, 7, 15, 25, 40, 50 μm 
away from the cathode/electrolyte interface, and the average (LaLβ2 + CrKα)/LaLα 
intensity ratios in these rectangular areas were obtained. Figure 52 shows the (LaLβ2 + 
CrKα)/LaLα intensity ratios as functions of distance away from the cathode/electrolytes 
interface in the cells tested with uncoated, CuMn2O4 coated and CuMn1.8O4 coated 
interconnect meshes. The Cr concentration profiles in the cells can be summarized as 
follows: 
(c) Cell 1: When cell was tested with uncoated Crofer 22 H mesh, a steep concentration 
gradient of Cr-containing deposits was observed. The (LaLβ2 + CrKα)/LaLα 
intensity ratio at the cathode/electrolyte interface was measured to be 0.91, which 
indicates that large amounts of Cr-containing species were deposited close to the 
cathode/electrolyte interface. 
(d) Cell 2: When commercial CuMn2O4 coated Crofer 22 H mesh was employed, the 
concentration gradient was more gradual. The (LaLβ2 + CrKα)/LaLα intensity ratio 
at cathode/electrolyte interface was measured to be 0.38, indicating smaller amount 
of Cr-containing deposits compared with that in the cell tested with uncoated mesh. 
(e) Cell 3: When the cell was tested with lab-coated dense CuMn1.8O4 coated Crofer 
22 H mesh, the (LaLβ2 + CrKα)/LaLα intensity ratio near the cathode/electrolyte 
interface was only 0.27, indicating minor amount of Cr-containing deposits. 
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Figure 52. (LaLβ2+CrKα)/LaLα intensity ratios as functions of distance away from the 
electrolyte in the cells tested with uncoated, CuMn2O4 coated and CuMn1.8O4 coated 
interconnect meshes. 
 
6.3.4. Microstructure of coatings after on-cell testing 
Figure 53a, 53c, 53e, and 53g show the cross-sectional SEM micrographs of the 
two types of coatings (CuMn2O4 spinel coating and CuMn1.8O4 spinel coating) on the 
Crofer mesh before and after the cell testing. The corresponding EDX mapping of Cr in 
the cross-sections of the coatings are shown in Figure 53b, 53d, 53f and 53h. Both 
CuMn2O4 spinel coating and CuMn1.8O4 spinel coating were found to be well adhered to 
the interconnects after the cell testing, indicating good thermal compatibility between the 
coatings and the interconnect material. In the case of the porous CuMn2O4 spinel coating, 
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the coating became dense after cell testing. The result of the EDX mapping shows that a 
reaction layer rich in Cr develops between CuMn2O4 coating and Crofer, and the Cr begins 
to diffuse throughout the coating. In the case of lab-developed CuMn1.8O4 spinel coating, 
it was found that the diffusion of Cr from the reaction layer into the coating was limited.  
In order to examine and compare the Cr concentration profiles in these two types 
of Cu-Mn coating before and after cell testing, EDX line scans were performed on the 
cross-sections of the spinel coatings. Figure 54a and b show the Cr intensities in the porous 
commercial CuMn2O4 spinel coating and in the lab-developed dense CuMn1.8O4 spinel 
coating, before and after the 288 h on-cell testing. The EDX line scan results can be 
summarized as follows: 
(a) In the case of CuMn2O4 coating (Figure 54a), a Cr concentration gradient  
developed in the coating cross section. The intensity of Cr on the surface of the 
coating after testing was found to be much higher than its initial value before testing, 
indicating Cr diffusion into the coating and reaching the surface.  
(b) In the case of CuMn1.8O4 coating (Figure 54b), after the cell test, the Cr diffusion 
is limited within the dense inner layer of the coating, showing no distinct Cr 
intensity on the surface of the coating. 
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Figure 53. SEM micrographs of CuMn2O4 coating and CuMn1.8O4 coating (a, e) before 
and (c, g) after 288 h of on-cell testing in air at 800 °C. (b, d, f, h) On the right of SEM 
images are EDX maps of Cr in the corresponding samples. 
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Figure 54. Cr concentration profile before and after 288 hours of on-cell tests (in air at 800 
°C) in the cross-sections of (a) porous commercial CuMn2O4 spinel coating, and (b) lab-
developed dense CuMn1.8O4 spinel coating. 
 
6.4. Conclusions 
In this chapter, CuMn1.8O4 spinel coating was deposited on Crofer 22 H mesh by 
electrophoretic deposition (EPD) and successfully densified by a reduction and re-
oxidation process. Anode-supported planar SOFCs with LSM-based cathode were 
fabricated and electrochemically tested at 800 °C in the presence of Crofer 22 H mesh with 
no protective coating, that with porous commercial CuMn2O4 coating and the one with 
relatively denser CuMn1.8O4 coating.  
Under open-circuit condition, the cell break-in was significant when cell was tested 
with spinel-coated interconnect meshes but was negligible in case of the uncoated mesh. 
Cr-poisoning through the chemical route occurred under OCV conditions before the cell 
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tests began. Under galvanostatic condition (0.5 A/cm2), significant performance 
degradation was observed when no protective coating was applied over the interconnect 
mesh. In addition, a steep Cr concentration gradient was observed near the 
cathode/electrolyte interface in the cell cross section, indicating that large amounts of Cr-
containing species were electrochemically deposited during cell testing. In contrast, slight 
or no degradation in cell performance was observed when CuMn2O4 or CuMn1.8O4 coated 
interconnect mesh was used. Compared to the porous CuMn2O4 coating, the performance 
of the relatively denser CuMn1.8O4 spinel coating was distinctly better, showing continuous 
improvement in cell performance and significantly less Cr deposition near the 
cathode/electrolyte interface after the test.  
The cross-sections of the two types of Cu-Mn spinel coatings were also 
characterized and compared. It was found that Cr gettering capacity of the porous 
CuMn2O4 coating was exhausted, and Cr starts to diffuse out of the coating. In contrast, 
the Cr diffusion is limited within the dense inner layer of the CuMn1.8O4 coating, showing 
no distinct Cr intensity on the surface of the coating. This study shows that dense and long-
term stable interconnect coatings are indispensable for mitigating the effects of Cr-
poisoning, and the dense CuMn1.8O4 spinel coating shows great promise. 
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7. Conclusions 
In this work, anode-supported solid oxide fuel cells with LSM-based cathode were 
tested in the presence and absence of Cr-environment at 800 °C, under different cathode 
atmospheres (dry air or humidified air) and current conditions (open-circuit or 
galvanostatic). When there was no cathodic current, no significant performance 
degradation was observed and the cathode/electrolyte was found to be relatively clean. 
However, in the presence of a constant 0.5 A/cm2 cathodic current, significant performance 
degradations of the cells were observed and large amounts of Cr-containing deposits were 
found in the cathode cross sections, suggesting an electrochemically dominant degradation 
mechanism. The degradation was found to be more severe when cathode was in 10% 
humidified air as compared to dry air.  
Based on free energy minimization calculations, Cr vaporization under different 
cathode atmospheres was investigated and the dominant Cr vapor species were determined. 
Cathode performance degradation caused by Cr-poisoning appears to be associated with 
the Cr vapor species dissociation at the cathode/electrolyte interface. The equilibrium cell 
potentials for Cr vapor species reductions were calculated to be approximately 1.12 V, 
which are very close to the open-circuit potential of the cell, indicating that the dissociation 
of Cr vapor species can occur once current starts passing through the cell. 
Employing a polarization model, the electrochemically measured current-voltage 
curves before and after the Cr-poisoning were analyzed. The total polarization loss of a cell 
is separated into the contributions of cathodic activation polarization, cathodic 
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concentration polarization, anodic concentration polarization and ohmic polarization. It is 
determined for the first time that the performance degradation caused by Cr-poisoning is 
primarily due to the significant increase of the cathodic activation polarization, and it is 
considered to be due to the decreasing electrochemically active sites for oxygen reduction 
reaction near the cathode/electrolyte interface. Cathodic concentration polarization also 
increases due to Cr-poisoning because the Cr-containing deposits aggregate within the 
pores of the cathode and block the gas diffusion, but this effect is less prominent than the 
increase of cathodic activation polarization unless very high current densities are 
employed.  
Mitigation of Cr-poisoning employing a lab-developed dense CuMn1.8O4 spinel 
coating is demonstrated. CuMn1.8O4 spinel coating was deposited on Crofer 22 H mesh by 
electrophoretic deposition (EPD) and densified by a reduction and re-oxidation process. 
SOFCs with LSM-based cathode were electrochemically tested at 800 °C in the presence 
of Crofer 22 H mesh with no protective coating, that with porous commercial CuMn2O4 
coating and the one with relatively denser CuMn1.8O4 coating. Compared with the 
significant performance degradation when uncoated interconnect was used, slight or no 
degradation in cell performance was observed when CuMn2O4 or CuMn1.8O4 coated 
interconnect mesh was used. Compared to the porous CuMn2O4 coating, the performance 
of the relatively denser CuMn1.8O4 spinel coating was distinctly better, showing no 
observable degradation in cell performance and significantly less Cr deposition near the 
cathode/electrolyte interface after the test. A dense and long-term stable interconnect 
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coatings are indispensable for mitigating the effects of Cr-poisoning, and the dense 
CuMn1.8O4 spinel coating shows great promise. 
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8. Suggestions for Future Work 
 
The future work of this project will focus on: 
1. Demonstrate ability to clean solid oxide fuel cell (SOFC) cathodes that are both 
electronic (La1-xSrxMnO3, LSM) and mixed conducting (La1-xSrxFeO3, LSF and 
La1-xSrxCoyFe1-yO3, LSCF), employing open circuit conditions with air containing 
5-15% water vapor (H2O(g)). The aim is to remove the chromium oxide deposits 
in the cathode as higher valent oxide and oxy-hydroxide vapor species without 
affecting the stability of any of the fuel cell components. 
2. Demonstrate ability to clean SOFC electronic and mixed conducting cathodes 
(oxygen electrodes) free of chromium oxide deposits employing mild electrolytic 
conditions with an anodic potential on the oxygen electrode containing 0–15% 
H2O(g) in air and a cathodic potential on the fuel electrode containing 5–20% 
H2O(g) (< 100 mV applied potential). The aim is to remove the chromium oxide 
deposits in the cathode as higher valent oxide and oxy-hydroxide vapor species 
without affecting the stability of any of the fuel cell components. 
3. Demonstrate minimal performance degradation after 1000 hours of galvanostatic 
testing at 0.5–0.75 A/cm2 and 700–800 °C using appropriate optimized intermittent 
cathode cleaning techniques.   
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